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IINTRODUCTION
1 PREVIOUS WORK
Over the  p a s t  t h i r t y  y ea rs  a r e l a t i v e l y  small number o f  s tu d ie s  
o f  th e  tu r b u l e n t  s t r u c t u r e  o f  t i d a l  flows have been p u b lished .  Bowden 
(1947), using two Doodson c u r r e n t  m eters  in  th e  Mersey E s tua ry ,  was the  
f i r s t  to  measure tu r b u l e n t  f l u c t u a t i o n s  in  an ebb t i d a l  c u r r e n t .  At a 
h e ig h t  o f  6.1 m above th e  bottom in  w ater depth of 14 to  18 m, he noted 
th a t  th e r e  were s h o r t  p e r iod  and long per iod  f l u c t u a t i o n s .  In 1956,
Bowden and F a i rb a i rn  measured th e  temporal c o r r e l a t i o n s  o f  Reynolds 
s t r e s s  in  a t i d a l  e s tu a r y .  L a te r ,  Bowden (1962) noted t h a t  th e  s t r e s s  
va lues  e x h ib i te d  an in e x p l ic a b ly  la rg e  v a r i a t io n  from one ten  minute r e ­
cord to  an o th e r .  The same phenomena was re p o r te d  by S ternberg  (1968).
The bottom s t r e s s ,  which was o b ta in ed  from measurement a t  1 m above the  
bottom and analyzed  by th e  c l a s s i c a l  lo g a r i th m ic  p r o f i l e  methods, d i s ­
played s im i la r  s c a t t e r ,  even though mean flow  co n d it io n s  remained r e ­
l a t i v e l y  c o n s ta n t .
G rant and M o i l l i e t  (1961) measured th e  c ro s s -s t re a m  tu rb u le n t  
s p e c t r a  in  a t i d a l  s tream  using a ho t  f i lm  flow m eter .  The one dimension­
al s p e c t r a  which was measured a t  th e  depth o f  3 m from the  s u r fa c e  show­
ed a t r e n d  p ro p o r t io n a l  to  K to  th e  -5 /3  power, where K i s  th e  wave 
number, f o r  s ev e ra l  decades o f  K, as p re d ic te d  by Kolmogoroff and a 
value as ob ta ined  f o r  Kolmogoroff's  c o n s ta n t .
S e i t z  (1973) has measured th e  th ree -d im ensional s p e c tra  in  a t i d a l  
r i v e r  (depth  13 m) using an a c o u s t ic -d o p p le r  c u r re n t  meter w ith  the
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2measurement s c a le  o f  1 cm and a frequency  response o f  1 to  20 Hz. He 
rep o r te d  t h a t  th e  in s ta n ta n e o u s  Reynolds s t r e s s  was i n t e r m i t t e n t .  In 
1974, Gust measured th e  v e l o c i ty  p r o f i l e s  o f  a t i d a l - s h a l lo w  using a 
drag fo rc e  probe w ith  a measurement s c a le  o f  2 .5  cm in  15 Hz frequency 
response . Gordon (1974) has measured two-dimensional s t r e s s  in  a t i d a l  
r i v e r  (depth 10 m) w ith  p iv o te d  vane-ducted p r o p e l l e r  m eter .
R ecen tly ,  Cook, Morton and Massey (1977) measured th e  v e r t i c a l  
c u r r e n t  sh ea r  and tu r b u le n t  v e lo c i ty  s t r u c t u r e  a t  1 m and 0.25 m from the  
bottom a t  a lo c a t io n  5 km sou th  o f  th e  Thames R iver in  New London, Con­
n e c t i c u t .
Some genera l p r o p e r t i e s  o f  t u r b u le n t  s p e c t r a  in  e s tu a r i e s  a re  
known from th e  work o f  Bowden (1947), S e i t z  (1973), Gordon (1974), and 
Gust (1974); however, many problems rem ain, e s p e c i a l l y  r e l a t i n g  to  th e  
in n e r  boundary la y e r .  Two o f  th e  most f a s c in a t in g  problems in  e s tu a ry  
tu rb u len ce  can be summarized under the  heading o f  "B ursting" and the  
v a r i a b i l i t y  o f  roughness le n g th  s c a le .
The la b o ra to ry  experim ents  o f  Kline e t  al_. (1967) f i r s t  showed 
th e  in te rm i t te n c y  o f  Reynolds s t r e s s  c o l l e c t i v e l y  r e f e r r e d  to  as "B urs t­
in g ."  This phenomena was observed in  th e  boundary la y e r  by means of 
flow v i s u a l i z a t io n  tech n iq u es .  The same or s im i la r  phenomena was shown 
by Grass (1971), S e i t z  (1973), and Gordon (1974) to  occur in  t i d a l  
e s t u a r i e s .  These la b o ra to ry  and f i e l d  o b se rv a t io n s  imply t h a t  momentum 
t r a n s f e r  and tu rb u le n t  g e n e ra t io n  a re  i n t e r m i t t e n t .
A d e t a i l e d  study  o f  drag c o e f f i c i e n t  in  th e  en tra n ce  o f  a t i d a l  
e s tu a ry  (Ludwick 1975) showed wide v a r i a t io n s  in  the  drag c o e f f i c i e n t .  
Heathersaw (1974) found poor agreement o f  the  roughness leng th  s c a le  w ith 
sediment g ra in  s iz e  in  Menai S t r a i t .  These r e s u l t s  r e q u i r e  acc u ra te
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3e v a lu a t io n  o f  boundary sh e a r  s t r e s s  w ith  flow r a t e ,  bed form s, m o b i l i ty  
o f  beds and n a tu re  o f  sedim entary  d e p o s i t s  (Ludwick 1975; Heathershaw 
1974).
S ince th e  f i r s t  one-dim ensional tu r b u le n t  s p e c tra  measurement by 
Bowden (1947), measuring in s tru m en ts  and da ta  a c q u i s i t i o n  systems have 
been developed along w ith  th e  measuring te ch n iq u es .  However, d e t a i l e d  
tu r b u le n t  measurements, e s p e c i a l l y  in  th e  in n e r  boundary l a y e r ,  were 
delayed due to  th e  d i f f i c u l t i e s  o f  using  s e n s i t i v e  in s trum en ts  w ith  a 
com puterized d a ta  a c q u i s i t i o n  system in  the  f i e l d .
In summary, the  p r i o r i t i e s  o f  tu r b u le n t  measurements go to  the  
v e lo c i ty  p r o f i l e s ,  determ ining  th e  sh ea r  s t r e s s  d i s t r i b u t i o n s  in  the  
v e r t i c a l  and i t s  boundary v a lu e .  The measurement o f  shear  s t r e s s  i s  im­
p o r ta n t  because o f  i t s  r e l a t i o n s h ip  in  re v e a l in g  th e  "B urst ing"  problem. 
For t h i s  reaso n ,  s p e c t r a l  a n a ly s i s  o f  the  time s e r i e s  o f  tu r b u le n t  
motion i s  necessa ry  to  g e t  th e  tu r b u le n t  k in e t i c  energy d i s t r i b u t i o n ,  
c o -s p e c t ra  measurement f o r  unders tand ing  the  s t r u c t u r e  o f  Reynolds 
s t r e s s ,  energy d i s s i p a t i o n ,  and i t s  v a r i a t io n  c lo se  to  th e  bottom boundary 
la y e r .  There i s  a l s o  a need to  s tudy  low v e lo c i ty  regimes o f  the  
" frozen"  tu rb u le n c e  approxim ation" hypo thes is .
1 .2  PURPOSE OF STUDY
As suggested  in  th e  p rev ious  s e c t io n ,  o b se rv a tio n s  o f  the  tu rb u le n t  
s p e c t r a  in  e s tu a r i e s  sugges t  t h a t  th e re  a re  many physica l p ro cesses  a t  
work, some o f  which a re  b e t t e r  understood than o th e r s .  In c o n t r a s t  w ith 
th e  a tm ospheric  tu rb u len ce  and la b o ra to ry  experiments in  tu rb u le n c e ,  the  
tu rb u le n c e  flow f i e l d s  in  e s tu a r i e s  have no t been e x te n s iv e ly  s tu d ie d .
A s e r i e s  o f  d e t a i l e d  tu r b u l e n t  sp e c tra  were measured in  the
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L a fa y e t te  R iver e s tu a r y ,  N orfo lk ,  V irg in ia .  A two-dimensional e l e c t r o ­
magnetic c u r r e n t  m eter was used to  make th e se  measurements. Measurements 
were taken a t  v a r io u s  dep ths  over two t i d a l  c y c le s .
This d i s s e r t a t i o n  i s  an a t tem p t to  determ ine and d e s c r ib e  some 
o f  th e  t u r b u l e n t  p ro cesses  in  a w ell-m ixed e s tu a ry .  The p rocesses  a re  
i d e n t i f i e d  by th e  s tudy  o f  tu r b u l e n t  v e l o c i ty  f l u c t u a t i o n s .  These 
v e lo c i ty  reco rd s  have been analyzed  us ing  s tan d a rd  d i g i t a l  methods to  
o b ta in  s p e c t r a l  d e n s i t y ,  s p e c t r a l  energy , and c r o s s - s p e c t r a  of the  
v e lo c i ty .  In o rd e r  to  s tu d y  th e  g en e ra t io n  and t r a n s f e r  o f  the  tu rb u ­
l e n t  momentum and energy , and th e  i n t e r m i t t e n t  n a tu re  o f  th e  s o - c a l l e d  
"B urst ing"  o r  " e je c t io n s  and sweeps," th e  d i s t r i b u t i o n  of u , v , w, and 
th e  Reynolds s t r e s s  has been s tu d ie d .
The uniqueness  o f  t h i s  s tudy  l i e s  in  th e  in c lu s io n  o f  th e  d e t a i l e d  
a n a ly s i s  o f  in n e r  boundary la y e r  tu r b u l e n t  s p e c t r a .  As a r e s u l t  o f  t h i s  
a n a l y s i s ,  th e  in te r m i t te n c y  o f  Reynolds s t r e s s  in  th e  in n e r  boundary 
la y e r  was confirm ed and th e  v a r i a b i l i t y  o f  the  roughness le n g th  s c a le  was 
dem onstra ted .
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5CHAPTER 2 
DESCRIPTION OF EXPERIMENTS
2.1 THE STUDY AREA
The L a fa y e t te  R iver e s tu a r y ,  a small well-m ixed e s tu a ry  in  N orfo lk , 
V i r g in i a ,  i s  p a r t  o f  th e  Chesapeake Bay e s tu a r in e  system . The L a fa y e t te  
R iver em pties in to  th e  bay through th e  E l izab e th  R iver and Hampton Roads.
The L a fa y e tte  R iver ex tends in lan d  f o r  6 .5  km b efo re  s e p a ra t in g  in to  two 
main branches and i t  v a r ie s  in  w idth from 130 to  700 m and in  depth  from 
0 .3  to  7.2 m a t  mean low w ate r .
F igure 1 shows th e  lo c a t io n  o f  th e  measurement s i t e .  Water depth 
r e l a t i v e  to  mean low w ate r  i s  4 .5  m a t  th e  in s tru m en t lo c a t io n .  The s i t e  
i s  th e  p la tfo rm  under th e  Hampton Boulevard b r idge  a c ro s s  th e  L a fa y e t te  
R ive r .  The r i v e r  i s  500 m wide and th e  main channel i s  approxim ate ly  200 m 
wide. The measurement s i t e  i s  approxim ate ly  a t  th e  m idpoin t o f  th e  channel.  
Longitud ina l and t r a n s v e r s e  c ro s s - s e c t io n s  of th e  channel a re  in  F igures  
2 and 3.
At maximum s t r e n g t h ,  the  y e a r ly  fo re c a s te d  extreme o f  th e  ebb and 
f lo o d  t i d a l  c u r r e n ts  reaches  0 .5  m/sec in  the  middle o f  th e  e n t ra n c e .  Flow 
speed near  the  in s tru m en t s t a t i o n  can reach  a s im i l a r  speed, bu t on th e  a v e r ­
age, ebb and f lo o d  a t  maximum s t r e n g th  a re  approxim ate ly  0.36 m/sec near  
th e  s u r fa c e .  Ebb c u r r e n t s  a re  s t ro n g e r  than f lood  c u r r e n t s  a t  th e  s i t e .
Tides in  th e  a rea  have a sp r in g  range of 0 .92 m and a mean range 
o f  0 .83  m and a re  o f  th e  sem idiurnal type w ith  a minor d iu rn a l  in e q u a l i t y .  
S a l i n i t y  in  p a r t s  pe r  thousand ranges from 10 to  18 and i s  seasonal
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depending on ru n o f f  and storm frequency . The average change in  s a l i n i t y  
from su r fa c e  to  bottom i s  2 o /oo .  The s a l i n i t y  v a r i a t io n s  in  a dry 
p e r io d  a re  i n s i g n i f i c a n t  because o f  t h e i r  small magnitude and spo rad ic  
appearance. Water tem pera ture  ranges from 26°C to  29°C and g e n e ra l ly  
d ec re ase s  s l i g h t l y  w ith  dep th .
The bottom sediments a t  th e  s i t e  c o n s i s t  o f  sandy mud.
2 .2  THE DESIGN OF THE EXPERIMENT
The b a s ic  param eters  o f  th e  experiment were l a rg e ly  determined 
by th e  c h a r a c t e r i s t i c s  o f  th e  in s t ru m e n ta t io n .  A f te r  a s e r i e s  o f  flume 
t e s t s ,  i t  was determ ined to :  (1) s e t  th e  time c o n s ta n t  o f  th e  in s trum en t
a t  0 .2  second; (2) take  th e  d i g i t i z a t i o n  in t e r v a l  as 0.125 second;
(3) des ign  a low pass d i g i t a l  f i l t e r  to  f i l t e r  ou t  th e  high frequency 
n o ise  which appeared in  th e  flume t e s t  da ta  even though the  in s trum en t 
has i t s  own low pass f i l t e r .
T h e re fo re ,  w ith th e  d i g i t i z a t i o n  i n t e r v a l ,  At = 0.125 s e c ,  the  
Nyquist f requency ,  f M, i s
f N = _ L  = 4 .0  Hz 
1 2At
With a tim e c o n s ta n t ,  t Q, o f  0.2  s e c ,  th e  s p e c t r a l  window o f  the  
gauge, f  , i s  found by ta k in g  10"2 o f  the  s p e c t r a l  power fu n c t io n ,
H (f) ;  thus
lO -2 = H(f ) =  ------- 1 -  ■
1 + 4iT2f w2t 02
f w = 7.918 (Hz) 
so , th e  s p e c t r a l  window o f  our gauge i s  0 to  7.92 Hz.
2.3 DESIGN OF THE INSTRUMENT MOUNTING
The prim ary design requirem ents  t h a t  were considered  f o r  the
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7in s trum en t mounting were: (1) a minimum of wake-producing s t r u c t u r e
near  the  s e n so r ;  (2) r i g i d i t y  and s t a b i l i t y ;  (3) v e r t i c a l l y  movable 
and e a s i l y  a d ju s ta b le  o r i e n t a t i o n ;  (4) a non-magnetic s t r u c t u r e  to  
avoid any p o s s ib le  magnetic i n t e r f e r e n c e s ;  (5) movable legs  to  m ain ta in  
th e  exac t depth f o r  th e  bottom tu rb u len ce  measurements and avoid p o s s ib le  
damage to  th e  probe from c o n ta c t  w ith  th e  bottom.
The f in a l  c o n f ig u ra t io n  o f  th e  s t r u c t u r e  i s  shown in  F igures  4 
and 5. An I-beam s t r u c t u r e  was p laced  nex t to  th e  s id e  r a i l  o f  the  
p la tfo rm  and hammered in to  th e  sed im en ts ,  then fa s te n e d  to  th e  r a i l i n g  
by th r e e  U -b o lts .
The movable in s trum en t mounting, Figure 6, was made o f  aluminum 
to  avoid magnetic in t e r f e r e n c e  and designed to  f r e e l y  s l i p  down o r up 
through th e  v e r t i c a l  I-beam s t r u c t u r e .  To minimize the  e f f e c t  o f  the  
wake o f  th e  I-beam s t r u c t u r e ,  th e  senso r  was a t ta c h e d  a t  the  end o f  an
arm of th e  movable in s trum en t mounting and fo r  s t a b i l i z a t i o n  o f  the
mounting, an e x t ra  weight was a t ta c h e d  a t  the  o th e r  end o f  th e  arm. The 
ins trum en t mounting arm and the  depth p o s i t io n in g  leg  a re  shown in 
Figure 7.
The I-beam s t r u c t u r e  was i n s t a l l e d  on th e  bay s id e  o f  th e  p l a t ­
form. The movable v e r t i c a l  leg  was a t tach e d  to  the  mounting by aluminum
b o l t s  and n u ts .  I t  was used to  m ain ta in  the  ex ac t  depth from the  bottom 
when tak in g  the  bottom turbulence- measurements a t  d i f f e r e n t  d e p th s ,  and 
preven t damage to  th e  probe from p o s s ib le  c o n ta c t  w ith  the  bottom.
2 .4  DATA ACQUISITION SYSTEM
The data  measuring and a c q u i s i t i o n  system c o n s is te d  o f  the 
e lec trom agnetic  c u r r e n t  meter and the  d a ta  reco rd ing  system. F igure 8 
shows a block diagram of th e  complete system c o n f ig u ra t io n .
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
8The senso r  chosen to  measure th e  c u r r e n t s  was th e  Marsh-McBirney 
Model 522 e lec tro m ag n e tic  w ate r  c u r r e n t  m e te r ,  which was designed fo r  
use in  la b o ra to ry  and f i e l d .  The probe d iam ete r  i s  0 .95 cm. The in ­
strum en t c o n s i s t s  o f :  (1) a t r a n s d u c e r  probe w ith  w aterp roof c a b le ;  and
(2) a s ig n a l  p ro cesso r  housed in  a p o r ta b le  c a s e .  The ins trum en t senses 
w ater  flow in  a p lane  normal to  th e  lo n g i tu d in a l  a x is  o f  th e  probe and 
r e p re s e n t s  t h i s  flow  as two orthogonal components on th e  panel meter f o r  
v isu a l  o b se rv a t io n  and as an analog v o l ta g e  a t  th e  o u tp u t  ja c k .  A 5 v o l t  
s igna l  corresponds to  lO ft/feec (304.2 cm /sec) .  The o u tp u t  o f  th e  i n ­
s trum en t i s  passed through a low pass f i l t e r  w ith  a time c o n s ta n t  of 
0 .2  second.
The da ta  reco rd ing  system c o n s i s t s  o f  a PDP-8/E minicomputer,
ASR-33 t e l e t y p e ,  x -y  s t r i p - c h a r t  re c o rd e r  (H ewlett Packard Model 17501 A), 
an a m p l i f i e r  box, m u lt im e te r  ( T r i p l e t t  Model 630), two i s o l a t i o n  t r a n s ­
formers ( S c i e n t i f i c  P roducts  Model N-58M), a main power supp ly , and a 
3 Kw p o r ta b le  g en e ra to r  (Sears  Roebuck and Co. Model 580.32013) f o r  
em ergencies.
The PDP-8/E computer i s  used as th e  c o n t r o l l e r  o f  th e  d i g i t a l  
da ta  g a th e r in g  system. I t  a l s o  te m p o ra r i ly  s to r e s  the  da ta  and c o n t ro ls  
th e  punching o f  th e  da ta  on a paper ta p e  in  an 8 - b i t  b ina ry  code. The 
ASR-33 t e l e ty p e  i s  used to  in p u t  the  t o t a l  reco rd in g  time and th e  d i g i t i ­
z a t io n  i n t e r v a l .  The da ta  a c q u i s i t i o n  program, "Oceanography Das" which 
was developed by Ludwick (1977) was used f o r  th e  g a th e r in g  o f  d a ta .
The x-y s t r i p - c h a r t  r e c o rd e r  and th e  m u ltim ete r  were used p r im a r i ­
ly  to  m onitor th e  incoming s ig n a l s  in  r e a l  time in o rd e r  to  v e r i f y  th a t  
the  in s trum en t was f u n c t io 1 ’ng p ro p e r ly  and a l s o  used f o r  comparison 
w ith  th e  s ig n a l s  d isp la y ed  on th e  in s trum en t m eter panel .
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9To minimize i n t e r f e r e n c e ,  two i s o l a t i o n  t ra n s fo rm e rs  were used , 
one f o r  th e  PDP-8/E and ASR-33 t e l e ty p e  system , and th e  o th e r  f o r  th e  
s e n s o r ,  x -y  s t r i p - c h a r t  r e c o r d e r ,  a m p l i f i e r  and m u lt im e te r .
The power was su p p lie d  from a n a v ig a t io n a l  l i g h t  lo c a te d  a t  th e  
end o f  th e  p la tfo rm . The o u tp u t  v o l ta g e  was 123 v o l t s .  Due to  th e  
e l e c t r i c a l  load o f  th e  d a ta  a c q u i s i t i o n  system , th e  v o l ta g e  drops to  
115 v o l t s  when th e  system i s  i n i t i a l i z e d ,  and when th e  e n t i r e  system i s  
run n in g ,  th e  v o l ta g e  drops an a d d i t io n a l  10 to  12 v o l t s .  T h e re fo re ,  th e  
a c tu a l  in p u t  v o l ta g e  to  th e  system ranged from 103 to  105 v o l t s .  There­
f o r e ,  to  m ain ta in  p roper  fu n c t io n in g  o f  th e  system, th e  in p u t  v o ltag e  
sw itch  o f  th e  PDP-8/E was s e t  to  th e  100 v o l t  p o s i t i o n .
2 .5  PROBLEMS ENCOUNTERED IN THE FLUME
During th e  f i r s t  s ta g e  o f  th e  flume t e s t ,  th e  c u r r e n t  m eter ,  
Marsh-McBirney Model 201, and s t r i p - c h a r t  r e c o rd e r ,  Bausch & Lomb Model 
V.O.M. 10 l i n e a r  r e c o r d e r ,  were deployed a t  the  flume o f  th e  I n s t i t u t e  
o f  Oceanography, Old Dominion U n iv e r s i ty .  I t  was found t h a t  th e  des ign  
tim e c o n s ta n t  o f  th e  Model 201 c u r r e n t  m eter was too  long f o r  tu rb u le n c e  
measurement. T h e re fo re ,  a f t e r  communication w ith  th e  m anufac tu re r ,  
the  c i r c u i t r y  was redes igned  a t  th e  Old Dominion U n iv e r s i ty  e l e c t r o n i c s  
shop so t h a t  th e  tim e c o n s ta n t  was changed from a f ix e d  6 second response  
time to  be v a r ia b le  w ith  th r e e  va lues  from 0 .2 ,  1 .0 ,  and 5 .0  seconds.
A f te r  re d e s ig n ,  the  c u r r e n t  m eter was t e s t e d  a t  a l i t t l e  wood 
dock near  th e  C olley  Avenue b r id g e  o f  th e  L a fa y e tte  R iver and th e  r e s u l t s
showed a huge amount o f  n o is e .  I t  was found t h a t  th e  n o ise  was caused by
la rg e  60 Hz v o ltag e  pickup t h a t  p a r t l y  swamped ou t  th e  d e s i r e d  s ig n a l s .  
Much in v e s t ig a t io n  follow ed in  o rd e r  to  i s o l a t e  th e  source  o f  t h i s  un­
d e s i r e d  s ig n a l .  The ground system was checked and i t  was d iscovered
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t h a t  th e r e  was feedback between th e  m eter cab le  and th e  power ground on 
the  small wooden dock. This problem was so lved  by grounding th e  meter 
and s t r i p - c h a r t  r e c o rd e r .
The t h i r d  s ta g e  o f  th e  t e s t  was conducted in  th e  flume by deploy­
ing th e  two-dimensional e le c tro m a g n e tic  c u r r e n t  m eter a long w ith  th e  
PDP-8/e minicom puter, t e l e t y p e ,  and s t r i p - c h a r t  r e c o rd e r  to  measure the  
th ree -d im ensiona l tu rb u le n c e  f l u c t u a t i o n s .
The experim ent c o n s is te d  o f  th e  fo llow ing  s te p s :  (1) th e  motor
o f  th e  flume was s t a r t e d ;  (2) th e  speed o f  th e  flow was a d ju s te d  to  
approxim ate ly  0 .4  m /sec; (3) tu rn  on th e  e lec tro m a g n e tic  c u r r e n t  m eter 
system; (4} i n i t i a l i z e  th e  x-y  s t r i p - c h a r t  r e c o rd e r ;  (5) check the  
ou tp u t  s ig n a l s  o f  both c u r r e n t  m eters  w ith  th e  m u l t im e te r ;  (6) the  panel 
read ings  o f  both  m eters  and v o l ta g e  read ings  o f  th e  m ult im e te r  were com­
pared w ith  th e  v a lu e  recorded  on th e  x-y  s t r i p - c h a r t  r e c o rd e r ;  (7) a f t e r  
the  system s t a b i l i z e d ,  connect th e  o u tp u t  s ig n a l s  to  th e  PDP-8/ com­
p u te r ;  (8) s t a r t  d i g i t i z a t i o n  o f  th e  d a ta .
In th e  t h i r d  s ta g e  o f  th e  flume t e s t ,  th e  system func tioned
p ro p e r ly  up to  s te p  s ix  and f a i l e d  to  connect th e  m eter s ig n a l s  to  the
PDP-8/E computer. T h ere fo re ,  v a r io u s  in v e s t ig a t io n s  were c a r r i e d  ou t to  
f in d  ou t  the  cause  of t h i s  m a lfu n c tio n in g .  I t  i s  g e n e ra l ly  known t h a t  
t h i s  kind o f  problem may appear during  la b o ra to ry  o p e ra t io n  o f  magnetic 
c u r r e n t  m e ters .  This e f f e c t  may be due to  th e  e lec tro m ag n e tic  co n d i t io n s  
t h a t  e x i s t  in  a l a b o ra to ry  which has heavy e l e c t r i c a l  equipment fo r  
d r iv in g  la rg e  volumes o f  w a te r  and p o s s ib le  e l e c t r i c a l  leakage c u r re n ts  
from the  body o f  w ater  used o r  m a lfunc tion ing  o f  m eters  and th e  e l e c t r o ­
h y d ro ly s is  o f  th e  probe due to  la c k  o f  use.
In o rd e r  to  determ ine th e  cause o f  the  problem, a l l  in s trum en ts
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nwere e x te n s iv e ly  checked a t  th e  e l e c t r o n i c  shop o f  Old Dominion Univer­
s i t y .  At th e  same time d e t a i l e d  d is c u s s io n s  were held w ith  th e  manu­
f a c tu r in g  company. A f te r  checking th e  in s tru m e n ts ,  th e  probes were 
washed in  mild soap and warm w ate r  to  remove p o s s ib le  non-conductive 
f i lm s .  However, th e  m eter a l s o  showed c o n s id e ra b le  n o is e ,  so i t  was 
sanded w ith  600 g r i t  wet sandpaper to  reduce th e  no ise  le v e l  and i t  was 
rechecked in  a l a r g e  non-conductive  f r e s h  w ater  c o n ta in e r .
A f te r  time consuming s te p - b y - s te p  checking in  a new environm ent, 
th e  fo llow ing  s te p s  were conducted to  determ ine th e  main problem o f 
i n t e r f e r e n c e  and th e  f a i l u r e  o f  d a ta  c o n t r o l l e r  system o p e ra t io n :
(1) remove a l l  th e  e x te rn a l  m onito ring  in s tru m en ts ;  (2) d isconnec t  th e  
3 -p in  magnet connec to r  to  remove th e  magnet d r iv e  c u r r e n t ;  (3) s h i f t  to  
b a t t e r y  o p e ra t io n  to  reduce th e  b e a t  frequency  and random n o ise ;
(4) a f t e r  p roper o p e ra t io n  was ach iev ed ,  the  e x te rn a l  in s trum en ts  were 
a t ta c h e d .  In th e  f o u r th  s t e p ,  a ground loop was found. T h ere fo re ,  the  
ground system was checked and i t  was d iscovered  t h a t  th e re  e x is te d  a 
d i f f e r e n c e  in  p o te n t i a l  between th e  PDP-8/E computer and th e  power ground 
o f  th e  flume. This v o ltag e  was measured under open c i r c u i t  co n d i t io n s  
to  be approx im ate ly  1.2 v o l t s  RMS. This problem was re so lved  by deploy­
ing an N-59M i s o l a t i o n  t ra n s fo rm e r  (1000 VA-60 Hz) plugged in to  a s e p a ra te  
e l e c t r i c a l  r e c e p t i c a l  from o th e r  measuring in s tru m en ts .  A f te r  so lv ing  
t h i s  problem, e i g h t  minutes o f  th ree -d im ensiona l  c u r r e n t  da ta  and s t r i p -  
c h a r t  reco rd s  were o b ta in ed .
The p re l im in a ry  a n a ly s i s  o f  th e  flume da ta  showed a c o n s id e ra b le  
d i f f e r e n c e  between th e  r e s u l t s  o b ta ined  from the  two d i f f e r e n t  models 
o f  th e  c u r r e n t  m e te r ,  even though th e se  two meters have th e  same nominal 
tim e c o n s ta n t ,  accu racy ,  and range o f  measurement. The d i f f e re n c e s  a re
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probably  due to  th e  g r e a t  d i f f e r e n c e  in  th e  s i z e s  o f  the  in s tru m en ts .
The Marsh-McBirney Model 522 meter has a 0 .95 cm diam eter  probe and th e  
Model 201 meter has a c y l in d r i c a l  probe 5 .0  cm high and 2 .5  cm in 
d iam ete r .  The reco rds  a l s o  showed a c o n s id e ra b le  magnetic in t e r f e r e n c e ;  
however, i t  was removed by s e p a ra t in g  th e  probes by 0 .6  m.
The r e s u l t s  o f  th e  flume t e s t  were c lo s e ly  examined in  l i g h t  o f  
th e  purpose o f  the  s tudy  and i t  was decided t h a t  a s e p a ra t io n  o f  0 .6  m 
o f  th e  probes would no t  se rve  ou t  purposes. T h ere fo re ,  use o f  th e  Model 
201 e lec tro m ag n e tic  c u r r e n t  meter was c a n c e l le d  and th e  th ree -d im ensiona l  
measurements were redesigned  to  take  da ta  in  th e  x -y  p lane  then f l i p  th e  
probe a t  a r i g h t  angle  to  g e t  th e  o th e r  components. This des ign  was
based on the  assumption o f  an approximate s tead y  s t a t e  c o n d i t io n  o f  flow
during  maximum flood  and ebb c u r r e n ts  in  a two hour p er iod  cen te red  on 
th e  time o f  maximum c u r r e n t .
2 .6  CALIBRATION OF THE INSTRUMENT
The two-dimensional e lec tro m ag n e tic  c u r r e n t  m eter ,  Marsh-McBirney 
Model 522, was c a l ib r a t e d  a t  the  flume o f  th e  I n s t i t u t e  o f  Oceanography, 
Old Dominion U n iv e rs i ty ,  a g a in s t  th e  Marsh-McBirney Model 201 e l e c t r o ­
magnetic c u r r e n t  m eter, which was c a l ib r a t e d  a t  th e  m a n u fa c tu re r 's  
c i r c u l a r  flum e, and a l so  a g a in s t  the  Pygmy c u r r e n t  meter (Kahl S c i e n t i f i c  
In s tru m en ts ,  C orp .) .
The c a l i b r a t i o n  o f  the  meter was accomplished by:
(1) S e t  the  m eters in  the  flume w ith  th e  o u tp u t  connected to  the
x-y  s t r i p - c h a r t  re c o rd e r ;
(2) Take a 2-minute v isu a l  average and a 5-minute v isu a l  average 
read ing  o f  th e  panel m eter;
(3) These va lues  were then compared to  the  meter read ings o f  th e
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Marsh-McBirney Model 201 c u r r e n t  m eter;
(4) A f te r  th e  f i r s t  two hours o f  comparison, i t  was n ecessa ry  
to  make minor ad ju s tm en ts  o f  the  m eter p a n e l 's  ze ro .
The second s ta g e  o f  c a l i b r a t i o n  was conducted using the  Pygmy 
c u r r e n t  m eter as fo llo w s:
(5) Take 2 -m inu te ,  5 -m inu te ,  and 15-minute average v a lues  o f  the
Pygmy c u r r e n t  m eter which were taken by using th e  co u n te r  
o f  the  m eter and were used as r e fe re n c e  fo r  th e  Model 522 
c u r r e n t  m eter .
The y-channel a l s o  showed an a d d i t io n a l  c o n s ta n t  o f f s e t  when th e  
m eter was tu rned  on and the  flume was runn ing . The c u r re n t  m eter was 
s e t  to  measure h o r iz o n ta l  v e l o c i ty  components along the flume and 
across  th e  flum e. Even though th e  mean of the  v e lo c i ty  component in  
th e  c ro s s - s t re a m  d i r e c t io n  was z e ro ,  as read on th e  m eter ,  the  mean o f  
th e  o u tp u t  of th e  y -ch an n e l ,  a s  reco rded  on th e  paper t a p e ,  was +12.
The same o f f s e t  o f  +12 in  th e  y-channel was observed when th e  m eter was 
ro ta te d  by 180° in  th e  h o r iz o n ta l  p la n e .
The c u r r e n t  m eter was then s e t  in  the  flume so as to  measure the  
v e r t i c a l  component o f  the  v e l o c i ty  and the  c ro s s -s t ream  component o f  the  
v e l o c i ty .  In t h i s  o r i e n t a t i o n ,  th e  y-channel showed a c o n s ta n t  o f f s e t  
o f  +3.
2.7  TROUBLES ENCOUNTERED IN THE FIELD
A f te r  so lv in g  the  problems in  th e  flum e, th e  system was i n s t a l l e d  
on th e  p la tfo rm  under the  Hampton Boulevard L a fa y e t te  River b ridge  to  
make th e  measurements. The main power was supposed to  be supp lied  from 
the  l i g h t  bulb o u t l e t  on th e  c e i l i n g  o f  the  p la tfo rm . For daytime
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op e ra t io n  o f  th e  d a ta  a c q u i s i t i o n  system , th e  au tom atic  p h o to ce ll  which 
c o n t ro l le d  the  l i g h t i n g  system was s e a le d  by tape  to  tu rn  on th e  l i g h t  
under th e  b r id g e .  This was done w ith  th e  perm ission o f  the  Environmental 
S e rv ice  D iv is ion  o f  th e  C ity  o f  N orfo lk . However, th e  power system of 
the  p la tfo rm  was o u t o f  o rd e r ,  so th e  main power was su p p lied  from th e  
n a v ig a t io n a l  l i g h t ,  aga in  w ith  th e  perm ission  o f  the  C ity  o f  N orfo lk .
Another problem of an unusual n a tu re  t h a t  was encountered  was 
th e  huge v o l ta g e  f l u c t u a t i o n  in  th e  power. During th e  f i r s t  t e s t  measure­
ment, th e  v o l ta g e  f lu c tu a te d  from 125 to  85 v o l t s .  The system was 
s t a r t e d  bu t th e  v o l ta g e  f l u c t u a t i o n s  a f f e c t e d  the  PDP-8 / E ' s  paper  tape  
d r iv e  system and caused m alfunc tions  in  reco rd ing  th e  d a ta .  This  s i t u a ­
t io n  fo rced  c a n c e la t io n  o f  th e  experim ent and re q u ire d  an e x te n s iv e  
check o f  th e  power l i n e  systems o f  th e  b r id g e .  The v o l ta g e  f l u c t u a t i o n  
problem was examined by th e  C ity  o f  N orfolk  and i t  was found t h a t  th e re  
was a 5 v o l t  f l u c t u a t i o n  from 125 v o l t s  during  th e  daytim e. At th e  same 
t im e , th e  da ta  a c q u i s i t i o n  system was rechecked a t  th e  O.D.U. e l e c t r o n i c s  
shop. Through e x te n s iv e  checking o f  th e  in s trum en ts  i t  was found t h a t  
the  a m p l i f i e r  was n o t  p ro p e r ly  i s o l a t e d  from any p o s s ib le  i n t e r f e r e n c e s ,  
so i t  was f ix e d  and r e c a l i b r a t e d .  Another p o s s ib le  source  of e r r o r  was 
suspected  to  be in  th e  power l i n e s .  So, th e  leng th  o f  th e  power supply 
l i n e s  was minimized to  avoid any p o s s ib le  fu n c t io n in g  o f  the  l i n e s  as a 
long antenna (Ludwick 1977).
In view o f  th e  f i r s t  f a i l u r e  o f  th e  experim ent,  i t  was redes igned  
as a daytime o b s e rv a t io n .  However, in  our second daytime experim ent, 
the  PDP- 8 / e  system did  no t fu n c t io n  p ro p e r ly  and the  a m p l i f i e r  a l s o  mal­
fu n c t io n ed .  Because of th e  m a lfunc tion ing  o f  the  a m p l i f i e r ,  i t  was 
d isconnec ted  from th e  system and th e  s ig n a l  o u tp u t  was connected
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d i r e c t l y  to  th e  PDP-8 /E .  The system worked fo u r  minutes then  th e  paper 
ta p e  punch system f a i l e d .  This f a i l u r e  was due to  a c i r c u i t  m alfunction  
and i t  was q u ic k ly  r e p a i r e d .  However, th e  whole system d id  no t s t a b i l i z e ,  
so th e  v o l ta g e  f l u c t u a t i o n  was checked very  c a r e f u l l y  and i t  was found 
t h a t  th e r e  e x i s t e d  a very  s h o r t  period  o f  f l u c t u a t i o n  from 125 v o l t s  to  
95 v o l t s  even in  daytim e. I t  was nece ssa ry  to  remove the  system to  the  
la b o ra to ry  f o r  r e p a i r ,  r e c a l i b r a t i o n ,  and t e s t i n g .  All o f  th e  p a r t s  of 
th e  system were checked and t e s t e d  a t  th e  flume along w ith  e x te n s iv e  
and d e t a i l e d  d is c u s s io n  o f  th e  problems w ith th e  m anufacturing  companies. 
A f te r  c a re fu l  and e x te n s iv e  exam ination o f  th e  system , th e  p o s s ib le  r e a ­
sons o f  th e  f a i l u r e  were determ ined to  be th e  very  s h o r t - te rm  v o ltag e  
f l u c t u a t i o n  o f  th e  power supply  system on th e  b ridge  and an unknown mal­
fu n c t io n in g  o f  th e  a m p l i f i e r .  This t im e ,  we a lso  rep la ced  th e  power 
l i n e s  o f  th e  system and th e  connection  p o in ts  o f  th e  in s t ru m e n ts ,  and r e ­
checked th e  v o l ta g e  f l u c t u a t i o n  o f  th e  power supply on th e  p la tfo rm .
During th e  t h i r d  experim ent, ano the r  N-59M i s o l a t i o n  tran s fo rm e r  
was deployed to  i s o l a t e  th e  c u r r e n t  m e te r ,  s t r i p - c h a r t  r e c o rd e r ,  and 
m u lt im e te r  system from th e  PDP-8 /E  system . The f i r s t  day o f  th e  e x p e r i ­
ment was s u c c e s s f u l ,  even though th e re  e x i s te d  a very s h o r t  period  o f  v o l ta g e  
f l u c t u a t i o n  during  th e  time o f  measurement. About half-w ay through the  
second day o f  measurement, th e  meter panel o f  the  meter showed a c o n t in ­
uous 1 0 0 % coherence between th e  u and v components, along w ith  sudden 
v o l ta g e  drops in  th e  m u lt im e te r  gauge. Those phenomena showed ano the r  
f a i l u r e  o f  th e  experim ent.
By means o f  a c a re fu l  exam ination o f  each in s tru m e n t ,  i t  was 
found t h a t  the  two G -ce ll  b a t t e r i e s  o f  th e  e lec tro m ag n e tic  c u r r e n t  meter 
were damaged and a l s o  th e  DC convers ion  c i r c u i t  was des troyed  by th e
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e f f e c t  o f  th e  sudden v o l ta g e  f l u c t u a t i o n s .  While w a it in g  fo r  th e  r e ­
placement p a r t s  from th e  m anufacturing company, th e  power system of th e  
b r idge  was c lo s e ly  checked by th e  VEPCO (V irg in ia  E l e c t r i c  Power Company) 
te c h n ic ia n s  to  f in d  any p o s s ib le  improper connec tions  o r  d e f e c t s .  I t  was 
known t h a t  power was su p p lie d  to  th e  Norfolk P ub lic  H ealth  H ospita l a t  
450 v o l t s  and was s tepped  down to  125 v o l t s  by th e  tran s fo rm e r  o f  th e  
H osp ita l  and su p p lied  to  th e  e n t i r e  l i g h t  system on th e  b r id g e .  The 
problem o f  v o l ta g e  f l u c t u a t i o n  was found to  be caused by heavy consump­
t io n  o f  power compared to  th e  c a p a c i ty  o f  th e  H o s p i t a l 's  t ran s fo rm e r .  
A f te r  a te c h n ic a l  meeting w ith  VEPCO p e rso n n e l ,  i t  was suggested  t h a t  a 
t ru c k - lo a d e d  emergency tra n s fo rm e r  or p o r ta b le  g e n e ra to r  could  be used to  
p rovide  power fo r  our system. But the  emergency t ru c k - lo a d e d  tran s fo rm e r  
proved to  be very expensive  to  u se .  T h e re fo re ,  Dr. Ludwick's p r iv a te  
p o r ta b le  g en e ra to r  was chosen as our power supply.
The 3 Kw p o r ta b le  g e n e ra to r  (Sears  Roebuck & Co. Model 580-32013) 
was t e s t e d  a t  th e  I n s t i t u t e  and th e  power was supp lied  to  th e  system 
which was assembled a t  the  flum e. By means o f  a t e s t  run o f  th e  whole 
system , i t  was found t h a t  f o r  p roper fu n c t io n in g  o f  th e  system , the  
g e n e ra to r  would have to  o u tp u t  123 v o l t s  minimum. A f te r  the  g en e ra to r  
reaches  123 v o l t s ,  i f  th e  a c q u i s i t i o n  system i s  tu rned  on, th e  vo ltage  
drops to  115 v o l t s  and when th e  computer s t a r t s  to  reco rd  the  d a ta ,  th e re  
i s  an a d d i t io n a l  1 0  v o l t  d rop ,  so the  a c tu a l  sy s tem 's  v o l ta g e  i s  around 
105 v o l t s .  With t h i s  v o l t a g e ,  in  o rder  to  have p roper fu n c tio n in g  
o f  th e  PDP-8 /E system, i t  r e q u i r e s  s e t t i n g  the  v o l ta g e  switch  o f  the  
PDP-8 /E computer to  th e  100 v o l t  o p e ra t io n  p o s i t io n .
A f te r  r e p a i r in g  th e  in s trum en ts  and p repar ing  th e  emergency 
power supp ly ,  th e  fo u r th  t r y  was conducted during  th e  Christmas
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v aca tio n  p er iod  to  ta k e  advantage o f  low power consumption. The f i r s t  
25 hours of measurement were s u c c e s s fu l ly  achieved w ithou t any t ro u b le  
w ith  th e  in s tru m en ts  o f  the  power system. T h ere fo re ,  two d i f f e r e n t  types 
o f  measurements were conducted during  50 hours in  fo u r  sem idiurnal t i d a l  
c y c le s .  From th e  s t a r t  o f  the  f i r s t  p re lim in a ry  t e s t  in  th e  flum e, i t  
r e q u ire d  n e a r ly  13 months to  work to  reach t h i s  g o a l .
2 .8  MEASUREMENT PROGRAM
The time o f  maximum flood  and ebb c u r re n ts  on th e  days on which 
th e  measurements were taken were determined by in t e r p o l a t i n g  from the  
da ta  in  th e  1978 Tidal C urren t Tables (U.S. Department o f  Commerce,
1977). The average t i d a l  time d i f f e re n c e s  a t  the L a fa y e tte  R iver mouth 
(36?54N, 76.°18W) a re  +07 minutes a t  high w ater  and +15 minutes a t  low 
w ater  w ith  r e fe re n c e  to  th e  Sewells P o in t (36?57N, 76?20W) re fe re n c e  
d a ta .  The average t i d a l  time d i f f e re n c e  a t  the  L a fa y e t te  R iver Granby 
S t r e e t  b ridge  (36.°53N, 76fl7W) a re  +22 minutes a t  high w ater and +27 min­
u te s  a t  low w a te r .  The d is ta n c e  from th e  r i v e r  mouth to  th e  Granby 
S t r e e t  b r idge  i s  7 km and th e  d is ta n c e  from the  L a fa y e t te  River mouth 
to  th e  Hampton Boulevard b ridge  i s  3 km. The average lo n g i tu d in a l  
v a r i a t io n  o f  th e  time o f  high w ater  in  th e  L a fa y e t te  R iver i s  thus  a p p ro x i­
m ately 2.1 m inutes per k i lo m e te r .  T h e re fo re ,  through in t e r p o l a t i o n ,  the  
average time d i f f e re n c e  a t  our measuring s i t e  (L a fa y e tte  River Hampton 
Boulevard b r id g e )  i s  +13.4 minutes a t  high w ater and +20.1 minutes a t  
low w ate r  compared to  the  Sewells P o in t t i d e  d a ta .
The maximum c u r r e n t  time o f  the  en trance  to  th e  Chesapeake Bay 
was chosen as re fe re n c e  and in te r p o la te d  to  Sewells P o in t ,  a f t e r  which i t  
was r e in t e r p o la te d  to  the  measurement s i t e .  These in t e r p o la t io n  times of 
maximum c u r r e n t  were compared w ith the  da ta  which was co n s tru c ted  from
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a t i d a l  e l e v a t io n  curve a t  th e  measurement s i t e  and determined t h a t  th e  time 
o f  maximum c u r r e n t  was midway between th e  time o f  maximum, o r  minimum, 
e le v a t io n  and th e  tim e o f  zero  e l e v a t io n .
The maximum c u r r e n t  tim es on th e  day on which th e  measurements were 
taken  a re  shown on Table 1 along w ith  th e  per io d  o f  each measurement.
Table 1 shows a "measurement mode" f o r  each member o f  th e  s e r i e s  o f  measure­
ments. This term in d i c a t e s  which component o f  the  v e lo c i ty  i s  to  be 
measured in  th e  p a r t i c u l a r  run . The probe mounting was a r ran g ed ,  as  shown 
in  F igure  9 , in  o rd e r  to  a l ig n  th e  probe to  measure th e  components o f  the  
v e lo c i ty  l i s t e d  in  Table 1.





Data on th e  paper tap e  were transfe ree !  to  th e  d is k  o f  th e  DEC 
system-10 through th e  ASR-33 t e l e ty p e  through th e  use o f  the  p e r ip h e ra l  
in te rch an g e  program. This program was run a f t e r  m idnight to  avoid any 
p o s s ib le  e r r o r  in  t r a n s f e r i n g  th e  da ta  caused by a heavy system lo ad .
See Appendix A f o r  d e t a i l s .
The t r a n s f e r e d  d a ta  were then checked by means o f  th e  SEEIT.FOR 
program (Appendix A) and then  were rea rran g ed  in  s e t s  o f  8 - p a i r s  o f  da ta  
per l i n e  by ASCII.FOR program (see  Appendix B).
3 .2  CHANNEL CORRECTION
The y-channel d a ta  were c o r re c te d  f o r  th e  o f f s e t s ,  which were found 
during  the  c a l i b r a t i o n  experim en ts ,  by using the  REDUCT.FOR program 
(Appendix B).
3 .3  RESOLUTION OF THE MEASURED VELOCITY COMPONENTS INTO STREAMWISE AND 
CROSS-STREAM COMPONENTS'
The probe was o r ie n te d  along the  channel a x is  du ring  th e  measure­
ment in  the  f i e l d .  However, th e  mean flow was no t  d i r e c t l y  along the  
channel ax is  but a t  some a n g le ,  a ,  to  th e  a x i s .  The probe was s e t  so 
t h a t  th e  o u tp u t o f  the  x-channel should have been U, the  stream wise 
v e lo c i ty  component and the  o u tp u t  o f  th e  y-channel should have been V, 
the  c ro s s -s t re a m  v e lo c i ty  component. Because th e  flow was a t  an ang le
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to  th e  p robe , both  channe ls  were reco rd in g  a sum o f  components o f  U and V.
This was c o r re c te d  by r o t a t i n g  th e  r e fe re n c e  ax is  through th e  angle a .
I f  U i s  th e  mean of th e  o u tp u t  from th e  x-channel and v" i s  th e  mean
o f  th e  o u tp u t  from th e  y -c h a n n e l ,  then
a  = t a n ' H  V /  Tf ) .
Then
U = U cos a  + V* s in  a  
i s  th e  t r u e  v e l o c i ty  component in  th e  s tream wise d i r e c t i o n ,  and
V = -U s in  a  + "V cos a  
i s  th e  t r u e  v e l o c i ty  component in  th e  c ro s s - s t r e a m  d i r e c t i o n .  This t r a n s ­
fo rm ation  was ap p l ie d  to  each run in  which th e  u, V components were 
measured (see  Appendix B).
In th e  cases  in  which th e  stream w ise and v e r t i c a l  or c ro s s - s t re a m  
and v e r t i c a l  components were measured, th e  v e r t i c a l  component i s  the  t r u e  
v e lo c i ty  component bu t the  measured h o r iz o n ta l  v e lo c i ty  i s  a combination 
o f  th e  s tream w ise and c ro s s - s t r e a m  components. Only a s in g le  h o r iz o n ta l  
component was measured so i t  cannot be broken down in to  the  t r u e  stream wise 
and c ro s s - s t r e a m  v e lo c i ty  components.
3 .4  FILTERING THE DATA
At t h i s  p o in t  in  th e  d a ta  red u c t io n  p ro c e s s ,  the  s ig n a l s  were p lo t t e d  
as a fu n c t io n  o f  tim e. From an exam ination o f  t h i s  da ta  i t  was seen t h a t  
th e r e  were many " sp ik es"  o f  one At d u ra t io n  and va lues  o f  +127 o r  -128 
in  th e  d a t a .  I t  was known, from the  c a l i b r a t i o n  experim en ts ,  t h a t  th e se  
"sp ikes"  were caused by the  v a r i a t io n s  in  th e  l i n e  v o ltag e .  The da ta  was 
then passed through a low pass f i l t e r  to  remove th e se  high frequency 
" s p ik e s ."
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The id e a l  low pass d i g i t a l  f i l t e r  can be de f ined  as one which has 
as sharp  a c u t o f f  as p o s s ib le  and zero  phase s h i f t  f o r  a l l  f r e q u e n c ie s  
(Grosch 1978). The f i l t e r  cannot be a phys ica l  f i l t e r  but must be a 
com putational f i l t e r .  The id e a l  low pass  f i l t e r  p a s s e s ,  unchanged, energy 
a t  a l l  f re q u e n c ie s  below th e  c u t o f f  frequency  and com plete ly  removes a l l  
energy a t  f re q u e n c ie s  g r e a t e r  than th e  c u t o f f  frequency .
We d e f in e  the  id e a l  low pass  f i l t e r ^ C a j ) ,  in  th e  frequency domain
by
7VL(“) = 1 if -«0 1 w 1 «0,
= 0  o th e rw is e ,  
where co = 2 irf i s  the  c i r c u l a r  f requency .
Then in  th e  time domain,
\ c t )  = - l / J ^ ^ e  ~1wtdw
= sin (o)Qt  )/trt 
= sin(2irft)/Trt, -«xt«»
I f  f ( t )  i s  th e  o r ig in a l  s ig n a l  then
g ( t )  = / ”  hL( t ) f ( t  -  t ' ) d t '  
i s  th e  f i l t e r e d  s ig n a l .
The d i s c r e t e  approxim ation o f  f i l t e r e d  o u tp u t  i s
M
9n “ .. amf n-m
m= -M
where, 9n = g (nA t) .
At = d i g i t i z a t i o n  tim e in te r v a l
f n -  m = f(Cn -  m)At),
am = At*h(mAt), the raw weights
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Choosing h to  be t h a t  f o r  a low pass f i l t e r ,  we can gen era te  the  
am to  approximate the  id e a l  d i g i t a l  low pass f i l t e r .  I t  must be noted 
t h a t  th e  am w il l  only g en e ra te  an approxim ation to  th e  id ea l  f i l t e r  
because , approxim ation a p a r t ,  an i n f i n i t e  s e t  o f  weights would be r e ­
q u ired  to  g ive  an "exac t"  r e a l i z a t i o n  o f  an id e a l  d i g i t a l  f i l t e r .
The ideal low pass f i l t e r ,  with cutoff at frequency f e , is  
hj_(t) = sin(2irfet)/Trt.
The corresponding  "raw w eights"  a r e ,
am = s i n [ ( 2 i r f eAt)m]/nnr, m f  0 .
ao = 2 feAt
Now, h i s  sym m etrica l,  t h e r e f o r e ,
a -m = V
The f i l t e r  fu n c t io n  i s  given by
= aQ = 2m^ am cos[m(wAt)], 
where w = 2-rrf.
As shown above, the  Nyquist frequency in  t h i s  experiment was 4.0Hz. 
The f i l t e r  c u to f f  frequency was chosen to  be 2 .0  Hz to  remove a l l  no ise  
s ig n a l s  near  the  Nyquist frequency .
The f i l t e r  f u n c t io n ,  which i s  an approximation to  the  idea l  low pass 
f i l t e r  was c a lc u la te d  f o r  v a r io u s  M (F igures 10 and 11). I t  can be seen 
in  F igures  10 and 11, the  raw w eights  approximation roughly approximates 
th e  id e a l  low pass f i l t e r  bu t  t h a t  th e re  o s c i l l a t i o n s  on th e  curve. These 
o s c i l l a t i o n s  a r i s e  because th e  " t a i l s "  o f  th e  t r u e  f i l t e r  fu n c t io n  have 
been chopped o f f  in  our approxim ation.
T here fo re ,  the  approxim ation was improved by re p la c in g  the  am by 
th e  cm (smoothed w e ig h ts ) ,
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where c,
The bm a r e  c a l l e d  F g je r  w e ig h ts .  
T h e re fo re ,  th e  "smoothed w eigh ts"  a re
amm
The improved f i l t e r  fu n c t io n  becomes
/W  5  c + 2 £ c cos[m(wAt)],
M r 0  m = 1  mm=l
where u = 2 irf.
The r e s u l t s  o f  us ing  the  smoothed w eights  f o r  va r io u s  M a re  a l s o  
shown on F igures  10 and 1 1 . The computer program f o r  c a l c u la t in g  th e se  
w eigh ts  and f i l t e r  fu n c t io n s  i s  given in  Appendix B.
From an exam ination o f  th e  smoothed f i l t e r  f u n c t io n ,  i t  was d e t e r ­
mined to  choose M = 37 ( i . e . ,  75 w eigh ts)  as the  approxim ation to  be used.
3 .5  CONVERSION OF RECORDED SIGNALS TO ACTUAL VELOCITY
The Oceanography DAS data  a c q u i s i t i o n  program was designed to  r e ­
cord th e  da ta  as +127 f o r  +5 v o l t s  and -128 f o r  -5  v o l t s ,  and a l so  the  
meter was designed  to  o u tp u t  +5 v o l t s  f o r  a speed o f  10 f t / s e c  ( i . e . ,
304.8 cm /sec). T h e re fo re ,  the  recorded  da ta  were converted  to  th e  re a l  
v e lo c i ty  in  u n i t  o f  cm /sec, by
recorded  da ta  va lue  X 304.8 /127; f o r  a p o s i t i v e  number, 
recorded  da ta  value  X 3 0 4 .8 /-128 ; f o r  a n eg a t iv e  number.
3.6  SPECTRUM ANALYSIS
Throughout th e  remainder o f  t h i s  d i s s e r t a t i o n ,  th e  fo llow ing  no­
t a t i o n  w il l  be used: l e t  U ( t ) ,  V ( t ) ,  and W(t) be th e  components o f  th e
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v e lo c i ty  in  th e  s tream w ise , c ro s s - s t re a m  and v e r t i c a l  d i r e c t i o n s .  These 
a re  measured a t  a p o in t  as  a fu n c t io n  o f  tim e. Now l e t  an overhar  denote 
a time average. Then
U (t)  = U + u ( t )
V (t)  = 7 +  v ( t )
W(t) = W + w (t)
where IT, 7 ,  and TT a re  the  average va lues  of th e  components and u ,  v , and w 
a re  the  f lu c t u a t i o n s  about th e  mean. As was d iscu ssed  in  a p rev ious  
s e c t io n ,  r o t a t i o n  o f  the  re fe re n c e  a x is  ensures  t h a t
V s  0.
The da ta  reco rd s  c o n s i s t  o f  p a i r s  o f  va lues  o f  th e  components, f o r  
example, U (t)  and V ( t ) .  The nex t s tep  in  th e  a n a ly s i s  was to  compute the  
mean va lues  of each component and s u b t r a c t  th e  mean va lues  from th e  record  
ed va lues  leav in g  th e  f l u c t u a t i n g  v a lu e s ,  u ( t )  and v ( t ) ,  f o r  example.
Once the  f l u c t u a t i n g  components were o b ta in e d ,  th e  means o f  the  
squares o f  th e  f l u c t u a t i n g  components and the  mean of th e  c ro ss  products  
o f  the  components, f o r  example u2 , v2 , uv, were computed. Then the  
a u to c o r r e la t io n  fu n c t io n s  and energy s p e c t r a l  d e n s i t i e s  o f  th e  in d iv id u a l  
components, as well as th e  c r o s s - s p e c t r a l  d e n s i t i e s ,  were c a lc u la te d  
using th e  method o f  Blackman and Tukey (1958). F in a l ly ,  th e  energy 
s p e c tra  E ( f ) ,  de f in ed  by
E (f) = f r f ( f ) ,
where 0 ( f )  i s  the  energy s p e c t r a l  d e n s i ty  and f  i s  the  frequency , were 
c a lc u la te d  f o r  each component. The computer programs a re  l i s t e d  in  
Appendix B.




The fo u r  experim ental s e r i e s  a re  l i s t e d  in  Table 1. Each run was 
16 minutes in  d u ra t io n  w ith  th e  excep tion  o f  the  two INT runs which were 
e ig h t  minutes in  d u ra t io n .  The d i g i t i z a t i o n  in t e r v a l  was 1/8 o f  a 
second so t h a t  th e  d a ta  from each run c o n s is te d  o f  7680 p a i r s  o f  v a lu e s ,  
again  w ith  th e  e x ce p tio n  o f  th e  INT runs f o r  which th e re  were 3840 p a i r s  
o f  v a lu e s .  A f te r  f i l t e r i n g ,  th e  INT runs c o n s is te d  o f  3766 p a i r s  o f  
va lues  and a l l  o f  th e  o th e r  runs had 7606 p a i r s  o f  v a lu e s .
The number o f  d a ta  p o in ts  p e r  time s e r i e s ,  th e  number o f  lags used 
in  th e  c a l c u l a t i o n  o f  th e  a u to c o r r e la t io n  f u n c t io n ,  th e  frequency  r e s o lu ­
t i o n ,  number o f  degrees  o f  freedom, and th e  confidence  bounds a re  given 
in  Table 2 f o r  each run .
The measured mean v a lu e s ,  F ,  u2 , u 1, e t c .  f o r  each o f  th e  runs a re  
l i s t e d  in  T ab les  3 through 6 . F igures  12 through 4 4  a re  p lo t s  of the  
a u t o c o r r e la t io n  f u n c t io n s ,  energy s p e c t r a l  d e n s i t y ,  energy sp e c tra  and 
c r o s s - s p e c t r a l  d e n s i t i e s  f o r  th e  runs in  th e  EBT s e r i e s .  F igures  45 
through 80 show s im i l a r  r e s u l t s  f o r  th e  BTF s e r i e s .  The r e s u l t s  f o r  the  
EBB s e r i e s  a re  shown in  F igures  81 through 110. F in a l ly ,  F igures  111 
through 134 show s im i l a r  r e s u l t s  f o r  the  FLD s e r i e s .




5.1 Summary R esu lts
The mean flow q u a n t i t i e s  o b ta in ed  from th e  fo u r  data  s e r i e s  a re  
given in  Tables 3 through 6 .
5 .1 .1  The Mean V e lo c i ty  P r o f i l e  and Roughness Length Scale
The mean v e lo c i ty  p r o f i l e  f o r  EBT and BTF s e r i e s  shows th e  general 
shape o f  th e  lo g a r i th m ic  v e lo c i ty  p r o f i l e  (Hinze 1959, p 468),
“k U  l l n (2 . )
u* X
Where, U(z) i s  th e  mean v e lo c i ty  a t  h e ig h t  z from th e  bed, u* i s  the  
sh ea r  v e l o c i t y , X i s  Von (Carman's c o n s ta n t ,  and zQ i s  the  "roughness" 
h e ig h t .  The value  o f  X  has been taken to  be 0 .4 .
This i s  an in n e r  l a y e r  p r o f i l e  and i s  g e n e ra l ly  v a l id  a t  la rg e  
Reynolds numbers i f  z / h ,  w ith  h th e  w ater  d ep th ,  i s  l e s s  than about 0.15 
(Tennekes and Lumley 1972). The th r e e  va lues  o f  U*(z) f i t t e d  w ith  t h i s  
curve were measured a t  z /h  = 0 .1 0 ,  0 .067 , and 0.033 so th e  use o f  t h i s  
exp ress io n  should be v a l id .
The th r e e  measured va lues  o f  IT(z) a t  z = 45 cm, 30 cm, and 15 cm 
from th e  EBT and BTF s e r i e s  were f i t t e d  by le a s t - s q u a r e s  to  th e  l o g a r i t h ­
mic p r o f i l e  and the  va lues  o f  u* and zQ were o b ta in e d ,  and then  from the  
r e l a t i o n  o f  sh ea r  v e lo c i ty  and bottom sh ea r  s t r e s s ,  V0 -  (°u2* ,  the 
bottom shear  s t r e s s  was c a l c u la te d .
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The f r i c t i o n a l  i n t e r a c t io n s  between t i d a l  c u r r e n t s  and bed can be 
expressed  in  conventional terms by means o f  q u a d ra t ic  sh ea r  s t r e s s  law,
=^cioou2ioo
Where, C-jqq i s  a drag c o e f f i c i e n t ,  U-jqq i s  th e  mean c u r r e n t  a t  100 cm 
above th e  bed, and C  i s  th e  f l u i d  d e n s i ty .  With ”£  = f*u2*,
C 1 0 0  = (u 1 0 0 / u* ) 2>
The f i t t e d  v a lu es  o f  u* and z0  were used in  th e  lo g a ri th m ic  p r o f i l e
to  c a l c u l a t e  U-jqq = U( 100 cm) and then C-jqq was c a l c u la te d .  The computed
values  o f  u*, z0 , Z 0 > U1 0 0 ’ and C 1 0 0  a re  l i s t e d  in  Table 7* The computed 
va lues  o f  th e  sh ea r  Reynolds number, R* = u*h/v, w ith  v th e  kinematic 
v i s c o s i t y ,  a re  a l s o  l i s t e d  in  Table 7.
F igure 135 i s  a p lo t  o f  the  lo g a ri th m ic  p r o f i l e  U"(z)/u* versus 
l n ( z / z Q). The measured values  of F ( z ) /u *  from th e  EBT and BTF s e r i e s  
a re  a lso  p lo t t e d  a t  th e  a p p ro p r ia te  va lues  o f  l n ( z / z 0 ) .  I t  can be seen 
t h a t  the  lo g a r i th m ic  p r o f i l e  i s  a good f i t  to  th e  da ta  in  both ca se s .
In t h i s  com putation, i t  was i m p l i c i t l y  assumed t h a t  a loga ri thm ic  
v e lo c i ty  p r o f i l e  e x i s t e d  a t  a l l  times during  which measurements were 
made. Bowden (1959) sugges ts  t h a t  assuming a lo g a r i th m ic  v e lo c i ty  p ro­
f i l e  e x i s t s  may no t be an unreasonable  assumption and a lso  S ternberg  
(1968) has re p o r te d  a mean occurence o f  th e  lo g a r i th m ic  p r o f i l e  o f  85% 
based on a +1 0 % f i t  to  t h i s  r e l a t i o n s h ip .
R ecen tly ,  Ludwick (1975) has re p o r te d  t h a t  th e re  was co n s id e ra b le  
s c a t t e r  in  measured in d iv id u a l  values o f  C-jqq and z0 , based on 620 
measurements a t  th e  en trance  to  Chesapeake Bay. He noted t h a t  th e  s c a t ­
t e r  in  va lues  suggested  t h a t ,  given a movable bed, a s i z e  h ie ra rch y  of 
mobile bed forms, a time varying flow , and a lack o f  eq u i l ib r iu m  between 
th e  bed and th e  f low , Cj0 0  changes con tinuously  w ith  th e  flow.
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Heathershaw (1974) a l s o  has r e p o r te d  a s c a t t e r  in  h is  measurements o f  
C-|qq in  the  I r i s h  Sea and showed t h a t  th e r e  i s  no c l e a r  c o r r e l a t i o n  be­
tween measured va lues  o f  th e  roughness len g th  and th e  observed g ra in  
s i z e  c h a r a c t e r i s t i c s .
The in f e r r e d  roughness le n g th  s c a l e ,  zQ, in  th e se  measurements, a l s o
showed a d i f f e r e n c e  o f  more than an o rd e r  o f  m agnitude, when measured a t
th e  same s i t e  on su ccess iv e  f lo o d  and ebb.
Ludwick (1975) summarized h is  r e s u l t s  by p l o t t i n g  th e  va lues  of
Cioo versus  u*. F igure  136 i s  t h i s  p l o t  taken  from Ludwick's paper.
The va lues  o f  C-jqq and u* ob ta ined  from the  EBT and BTF s e r i e s  a re  a lso  
p lo t t e d  on t h i s  f i g u r e .  Our r e s u l t s  show f a i r l y  good agreement w ith  those  
o f  Ludwick (1975).
The mean v e r t i c a l  component ET i s  no t  very  small compared to  the  
mean s tream  component U. This may be due to  the  e x i s ta n c e  o f  c ro ss  
flow . In th e  EBT s e r i e s ,  the  flow d i r e c t io n  was 37.6° a t  45 cm, 10.1° 
a t  30 cm, and 35.0° a t  15 cm. These angles  a re  measured w ith  r e s p e c t  to  
an a x is  p e rp e n d ic u la r  to  th e  b r id g e ,  see  F igure  1.
I f  we look down the  channel towards th e  mouth o f  th e  e s tu a ry ,  the  
channel becomes sh a llo w er (see F igure  2 ) .  The channel a l s o  cu rves .  The 
c ro s s - s e c t io n  o f  th e  channel (F igu re  3) i s  a l s o  asym m etrical.  In th e  BTF 
s e r i e s ,  th e  flow d i r e c t io n  was 40 .3°  a t  45 cm, 54.6° a t  30 cm, and 43.5° 
a t  15 cm. Looking towards the  head o f  th e  e s tu a r y ,  the  channel g rad u a l ly  
deepens. T h e re fo re ,  i t  i s  expected  t h a t  the  flow i s  p a r t l y  s p i r a l ,  
w ith  t r a n s l o c a t i o n  in  th e  stream wise d i r e c t io n  and r o ta t io n a l  in  the  
p lane normal to  the  stream wise d i r e c t i o n .
5 .1 .2 .  T urbu len t Energy
Measured values o f  u^, v2", and w2f o r  the  EBT and BTF s e r i e s  a re
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given  in  Tables 3 and 4 . The tu r b u l e n t  k inem atic  energy , per  u n i t  d e n s i ty ,
1 /2  q , i s  given by (Tennekes and Lumley 1974, p 63)
1 / 2  q 2  = 1 / 2 (u2" + v2" + w2 ).
2
Values o f  1 /2  q f o r  th e se  s e r i e s  a re  l i s t e d  in  Table 8 .
The tu r b u l e n t  energy  d i s s ip a t io n  r a t e  pe r  u n i t  d e n s i ty  in  th e  lo g a ­
r i th m ic  p r o f i l e  can be expressed  as
e = u * A z .
Computed va lues  o f  e  a re  given in  Table 8 .
In th e  lo g a r i th m ic  v e l o c i ty  p r o f i l e ,  the  tu r b u le n t  v i s c o s i t y  can
be e s t im a te d  as
V j  =X u*z.
The va lues  o f  tu r b u l e n t  eddy v i s c o s i t y  a re  l i s t e d  in Table 8 .
The va lues  given in  Table 8  show s im i la r  t re n d s  f o r  EBT and BTF
s e r i e s .  The d i s s ip a t io n  r a t e  in c re a s e s  towards th e  boundary, the  tu rb u ­
l e n t  v i s c o s i t y  d ec re ase s  towards the  boundary and the  tu r b u l e n t  energy 
f i r s t  in c re a se s  and then  d ec rease s  towards the  boundary. These t ren d s
ag ree  w ith  th e  d a ta  f o r  t u r b u l e n t  boundary la y e r s  on smooth w alls  as
given by Hinze (1959, pp 487-503).
Table 9 co n ta in s  va lues  o f  the  tu r b u le n t  i n t e n s i t i e s  normalized by 
th e  loca l  mean v e lo c i ty  U (z) ,  and the  sh ea r  v e lo c i ty  u*. The same general 
t re n d s  show in a l l  th e  d a ta .  The normalized i n t e n s i t i e s  f i r s t  in c re a s e  
then  dec rease  towards th e  boundary and u '> w '> v '.  This again  i s  in 
genera l agreement w ith  th e  r e s u l t s  f o r  tu r b u le n t  boundary la y e rs  on 
smooth w a l l s ;  however, the  tu r b u le n t  energy , d i s s ip a t io n  r a t e ,  and in ­
t e n s i t i e s  were much g r e a t e r  in  th e se  experim ents than in  the  la b o ra to ry  
measurements d iscu ssed  by Hinze (1959). For example, th e  measured 
va lues  o f  u ' /u *  l i e s  in  th e  range o f  4 .5  to  5 .0  a t  z /h  = 0 . 1 .  Hinze
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r e p o r t s  va lues  o f  u ' /u *  = 2  a t  th e  same z /h .
I t  should be noted  t h a t  th e  r e s u l t s  re p o r te d  by Hinz were f o r  slows 
over smooth boundaries  a t  R* -  3000, w hile  th e s e  measurements were made
5
near a rough bottom w ith  R* = * 1 0 .  I t  i s  to  be expected t h a t  th e  tu r b u le n t  
i n t e n s i t y  would in c re a s e  as  R* in c re a s e s  and t h a t  th e  rough boundary would 
a lso  in c re a s e  th e  t u r b u l e n t  i n t e n s i t y .
5 .1 .3  T u rbu len t  S pec tra
These measurements were made in  a well-m ixed e s tu a r y ,  thus  th e se  
s p e c t r a  should n o t  show any e f f e c t s  o f  d e n s i ty  s t r a t i f i c a t i o n .
The a u to c o r r e la t io n  f u n c t io n s  a re  of two genera l ty p e s .  The f i r s t  
type drops to  v a lu es  l e s s  than about 0.1 a f t e r  about 25 to  50 la g s  
(approx im ate ly  3 to  6  s e c o n d s ) ( s e e ,  f o r  example, F igure 12). The u au to ­
c o r r e l a t i o n s  nea r  the  boundary a re  o f  t h i s  ty p e .  The second type  decays 
very slow ly  w ith  in c re a s in g  la g ,  sometimes dropping to  0 . 1  on ly  a f t e r  
100 to  200 lag s  (abou t 12 to  25 s e c o n d s ) ( se e ,  f o r  example, F igu res  15 
and 21).  The v and w a u t o c o r r e l a t i o n  a re  g e n e ra l ly  o f  t h i s  ty p e .  Both 
show small o s c i l l a t i o n s .
This su g g es ts  t h a t  th e  s tream wise tu rb u len ce  c o n s i s t s  o f  r a t h e r  
s h o r t  p e r io d  o s c i l l a t i o n s  superimposed on a b a s i c a l ly  s tead y  mean flow.
The s h o r t  p e r io d  o s c i l l a t i o n s  on top  o f  th e  slow decay o f  the  v and w 
a u to c o r r e la t io n s  sugges t t h a t  th e  presence  o f  i n t e r m i t t e n t  bu t r e l a t i v e l y  
long p e r io d  c ro s s - s t re a m  and v e r t i c a l  r o t a t i o n a l  flows w ith  s h o r t  period  
o s c i l l a t i o n s .  This could be i n t e r p r e t e d  to  mean t h a t  th e  c ro s s -s t re a m  
secondary flows a re  i n t e r m i t t e n t  v o r t i c e s  w ith  t h e i r  ax is  in  th e  s tream - 
wise d i r e c t i o n .
Among th e  EBT s e r i e s ,  th e  stream wise and c ro s s -s t ream  s p e c t ra  
having the  most energy appear a t  a 30 cm depth  from the  bottom
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(F igures  28 and 3 0 ) .  The maximum s p e c t r a l  d e n s i ty  appears  a t  1.875 lags  
( t  = 0 .234 sec ;  0.0094 Hz) and s p e c t r a l  energy shows a peak energy a t  
224 la g s  ( t  = 28.0  se c ;  1.120 Hz). Most o f  th e  energy l i e s  in  th e  
64 to  322 lags  reg io n  ( t  = 8 .0  to  40.28 sec ;  0 .32 to  1.61 Hz). The 
c ro s s - s t re a m  s p e c t r a  (F igures  30 and 31) show th e  same t re n d s  as  the  
s tream wise s p e c t r a .  The co-spectrum  (C) (see  F igure  32) shows n eg a t iv e  
va lues  up to  322 l a g s ,  i n d i c a t in g  p o s i t i v e  maxima o f  u co in c id e  w ith  
n eg a t iv e  maxima i f  v o r  v ic e -v e r s a .  The quad-spectrum (Q) (see  F igure  33) 
shows r a t h e r  p o s i t i v e  phase r e l a t i o n s  up to  322 la g s .
The s t r o n g e s t  v e r t i c a l  component energy a lso  appears  a t  a 30 cm 
depth from the  bottom (see  F igures  34 to  36). The peak energy appears a t  
4 lag s  ( t  = 0 .5  s e c ;  0 .02 Hz). The r a t i o  o f  th e  average s p e c t r a l  energy 
between stream w ise , c ro s s - s t r e a m ,  and v e r t i c a l  components i s  1 :0 .7 :0 .4 5 .
The BTF s e r i e s  a l s o  shows a maximum s p e c t r a l  energy a t  th e  30 cm 
depth from the  bottom (see  F igures  61, 64 and 69). The stream wise max­
imum s p e c t r a l  d e n s i ty  appears  a t  0  la g s  and a peak o f  energy sp e c t r a  of 
220 lags  ( t  = 27.5  s e c ;  1 .10 Hz). The spectrum of th e  v e r t i c a l  compo­
nent a t  t h i s  depth  shows a peak energy a t  36 lags  ( t  = 4 .5  sec ;  0 .18  Hz).
The BTF s e r i e s  r a t i o  between average s p e c t r a l  energy o f  the  s tream - 
w ise ,  c ro s s - s t r e a m ,  and v e r t i c a l  components i s  1 :0 .9 8 :0 .4  in  comparison 
to  th e  EBT s e r i e s '  1 :0 .7 0 :0 .4 5 .
The s p e c t r a  have been p lo t t e d  as  a fu n c t io n  o f  la g s  and frequency . 
The Taylor hypo thesis  o f  a "frozen"  p a t te r n  o f  tu rb u len ce  i s  normally 
assumed on the  b a s is  o f  u/U «  1 (Hinze 1959). In t h i s  s tu d y ,  th e  mean 
va lue  f o r  t h i s  r a t i o  in  th e  EBT and BTF s e r i e s  in n e r  boundary la y e r  
measurement i s  abou t 0 .4 .  This i s  s i g n i f i c a n t l y  h igher  than th e  values 
r e p o r te d  by Heathershaw (u/U* = 0 .1 5 ,  f o r  U = 20 cm/sec) and S e i tz
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(u/U = 0.07 f o r  U = 25 cm /sec) .  However, i f  i t  i s  assumed t h a t  the  
f ro zen  tu rb u len ce  model i s  even approxim ately  v a l i d ,  an e s t im a te  o f  eddy 
s iz e s  can be made. The hypo thesis  o f  a "frozen" p a t te r n  of tu rb u len ce  
r e l a t e s  th e  wave number -ft and the  frequency f  by
-fc* f/u.
The "eddy" s i z e  i s  then 1 /* . T here fo re ,  i f  th e  frequency where the  
s p e c t r a l  energy has a peak i s  chosen, and th e  corresponding wave number 
i s  c a l c u la te d ,  the  s i z e  o f  a "simple eddy" can be determined (Tennekes 
and Lumley 1972). The eddy s c a le s  f o r  each o f  th e  th re e  c o o rd in a te  
d i r e c t io n s  and each depth  a re  given in  Table 10.
5 .1 .4  T urbu len t I n t e n s i ty  and Reynolds S tre s s
The tu r b u le n t  i n t e n s i t y  and Reynolds s t r e s s  components a re  l i s t e d
in  Table 3. The h ig h e s t  stream wise tu rb u le n t  i n t e n s i t y  o f  th e  EBT s e r ie s
i s  a t  a 45 cm depth from th e  bottom. However, the  c ro s s -s t re a m  and
v e r t i c a l  component tu r b u le n t  i n t e n s i t y  maxima a re  a t  a 30 cm depth from
“"p
th e  bottom. The Reynolds s t r e s s  components, d , a re  maximum a t  45 cm; 
however, the  o th e r  Reynolds s t r e s s  components a re  maximum a t  30 cm depth 
from the  bottom.
The r e s u l t s  given in  Tables 3  to  9 show t h a t  the  tu r b u le n t  flow
f i e l d  i s  an iso t ro p ic  as  i s  g e n e ra l ly  t r u e  f o r  wall bounded sh ea r  f low s. 
The magnitudes o f  th e  Reynolds s t r e s s  components change a t  d i f f e r e n t  
r a t e s  w ith  change in  th e  d is ta n c e  from th e  boundary. Experiments in 
wind tu n n e ls  (Hinze 1959) have shown t h a t  a l l  of th e se  components f i r s t  
in c re a se  and then dec rease  as the  d is ta n c e  from th e  boundary d ec re ase s .  
The maxima o f th e se  components occur a t  d i f f e r e n t  d is ta n c e s  from the  
w a l l .  These same tre n d s  a re  shown by th e  da ta  in  Tables 3 through 9.
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5 .1 .5  In te rm it te n c y
Turbu len t flows in  n a tu re  g e n e ra l ly  show a high degree o f  in t e r m i t ­
tency . Many au th o rs  have suggested t h a t  i t  i s  a m a n ife s ta t io n  o f  the  
b u rs t in g  p rocess  (K line e t  al_. 1967). Jackson (1976) sugges ts  t h a t  the  
b o i l s  commonly observed in  n a tu re  a re  b u r s t s  t h a t  reach the  s u r f a c e .
In an a t tem p t to  determ ine whether o r  no t t h i s  i s  observed in  
th e se  experim en ts ,  i t  would be necessa ry  to  study  the  time vary ing  be­
hav io r  o f  uw. I t  was no t p o ss ib le  to  measure u because the  mean flow
was a t  an ang le  a  to  th e  ax is  o f  th e  probe. What was measured was
1 1  = u cos a  + v s in  a
and i t  i s  no t p o s s ib le  to  s e p a ra te  t h i s  in to  i t s  components even i f  a  i s
known. T h ere fo re ,  only
uw = uw cos a  + vw s in  a  
could be computed. The ac tua l  numerical values o f  uw cannot be r e l a t e d  
to  those  o f  Iw .b u t  i t  i s  be lieved  t h a t  th e  q u a l i t a t i v e  behav ior  i s  the  
same.
The v a lu es  o f  uw were computed a t  each time s te p  and averaged with 
a one second s l i d i n g  average and then p lo t t e d .  These p l o t s ,  which a re  
no t reproduced h e re ,  showed v a r i a t io n  o f  uw which was h igh ly  i n t e r m i t t e n t  
and might be lo o se ly  c a l le d  b u r s t in g .  The values o f  uw were f a i r l y  
small and c o n s ta n t  most o f  the  time but o c c a s io n a l ly  became very  la rg e .
In s tead  o f  showing p lo t s  o f  the  time v a r i a t io n  o f  uw, t h i s  can be 
shown in  a d i f f e r e n t  way. The mean, uw, and s tandard  d e v ia t io n ,  a ,  were 
c a lc u la te d  f o r  each o f  th re e  runs EBTINT, EBT45A, and EBT30B. A program 
was then run which counted the  number o f  values of (uw - uw) in  th e  
ranges
. . . ,  ( - 0 .4 a ,  - 0 .2 a ) ,  ( -0 .2 a ,  0 ) ,  (0 , 0 .2 a ) ,  (0 .2 a ,  0 . 4 a ) , . . .
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Then the  expected  number of values were computed by assuming t h a t  the  
p r o b a b i l i t y  d i s t r i b u t i o n  o f  uw was normal w ith  the  same mean and s tandard  
d e v ia t io n .  The r e s u l t s  a re  given in  Table 11. Here N+ and N- a re  the  
number o f  va lues  in  th e  in te r v a l  above th e  mean and below th e  mean. The 
va lues  o f  N+ and N- can be converted  to  p r o b a b i l i t i e s  by d iv id in g  by th e  
t o t a l  number o f  da ta  p o in t s .
The d i s t r i b u t i o n  can be seen to  be very  non-normal because th e re  
a re  many more values than expected near th e  mean and beyond 3c from the  
mean. In th e  range from about 0 .5 a  to  2 .5 a  th e re  a r e  f a r  fewer values than 
expec ted . The non-norm ality  can be shown in  a d i f f e r e n t  way. The Skew­
n e s s ,  S, and K u r to s is ,  K, were c a l c u la te d .  These va lues  along w ith  the  
means and s tan d ard  d e v ia t io n s  a re  l i s t e d  in  Table 12. The a b so lu te  
va lues  o f  uw d ecrease  towards th e  bottom as do th e  va lues  o f  a ,  but f o r  
a l l  th r e e  cases  a  i s  approxim ate ly  20 uw. Comparing th e  c a lc u la te d  va lues  
o f  S and K to  those  f o r  a normal d i s t r i b u t i o n ,  i t  can be seen t h a t  the  
measured d i s t r i b u t i o n s  a re  skewed and have much l a r g e r  t a i l s  than a 
normal d i s t r i b u t i o n .  This might be in t e r p r e t e d  as evidence of b u r s t in g .  
However, in  l a b o ra to ry  experim ents ,  the  b u rs t in g  phenomena has only been 
observed in  very  c lo se  to  the  boundary and i t  has never been s tu d ie d  in 
flows w ith a very rough boundary. In f a c t ,  l a b o ra to ry  experiments 
sugges t t h a t  a c t iv e  b u r s t in g  occurs only f o r
z £  lOOv/u*
and in  th e se  experim ents t h i s  d is ta n c e  i s  l e s s  than one cen t im e te r .
The number o f  "peaks ,"  in  (ffw) t h a t  exceed th e  mean by more than 3a 
were counted and th e  number of values o f  (tTw) in  th e se  peaks were a l so  
counted . The mean period  o f  occurrence o f  th e se  peaks, mean d u ra t io n ,  
and p r o b a b i l i t y  of peak occurrence were a lso  c a lc u la te d  and a re  given in
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
35
Table 13. The d im ension less  b u r s t  p e r io d  (Jackson 1976),
U0 T/h
w ith  UQ, the  s u r fa c e  v e l o c i t y ,  and h, th e  d ep th ,  was a l s o  computed and i s  
given in  Table 13. These d a ta  show t h a t  th e  tu rb u le n c e  i s  more in te n s e  
as 45 cm from th e  bottom i f  th e  in c re a s e  in  th e  number o f  peaks can be 
taken as a measure o f  i n t e n s i t y .  The mean p e r io d  o f  occurrence  and the  
mean d u ra t io n  o f  peaks a re  both l a r g e r  near th e  bottom than f u r t h e r  up in  
th e  w a te r  column. The d im ens ion less  p e r io d  o f  o ccu rrence  of peaks i s  
s u b s t a n t i a l l y  l a r g e r  than th e  va lue  (5) observed in  la b o ra to ry  experim en ts .
These d a ta  show t h a t  th e  Reynolds s t r e s s  i s  very  i n t e r m i t t e n t  and
has a non-normal d i s t r i b u t i o n .  Peaks in  uw occur abou t 1% of th e  time
and l a s t  about one second. However, t h i s  may no t  be ev idence o f  b u r s t in g .  
The b u r s t s  occur very  c lo s e  to  th e  bottom and th e  observed mean per io d  
between peaks in  t h i s  experim ent in c re a s e s  towards the  bottom. The ob­
served d im ension less  peak p e r io d  i s  a l s o  l a r g e r  than in  l a b o ra to ry  e x p e r i ­
ments .
I t  may be t h a t  th e  observed in te rm i t te n c y  in  th e  Reynolds s t r e s s
i s  no t due to  b u r s t in g ,  o r  perhaps on ly  some b u r s t s  "escape" in to  the
o u te r  flow. In any e v e n t ,  the  a v a i l a b l e  da ta  from t h i s  and o th e r  e x p e r i ­
ments do no t a llow  an unequivocal connec tion  to  be made between b u rs t in g
and th e  observed in te rm i t te n c y .
5 .2  EBB AND FLD SERIES
The r e s u l t s  o f  EBB and FLD a r e  summarized in  Tables 5 and 6 .
In g e n e ra l ,  the  experim ents  o f  th e se  s e r i e s  were no t  as su ccess fu l  
as the  EBT and BTF s e r i e s .  As shown in  Table 1, the  FLD s e r i e s  was taken
f i r s t .  During the  FLD measurement t im e ,  th e re  was a very  high wind,
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approx im ate ly  25 k n o ts ,  a t  a 30 degree ang le  to  th e  incoming f lo o d .  The 
measurement was no t completed w ith in  two hours. Due to  th e  
high wind c o n d i t io n s ,  the  measurements o f  th e  FLD s e r i e s  took th r e e  hours 
s t a r t i n g  one hour befo re  the  time o f  maximum c u r r e n t  and ending two hours 
a f t e r  th e  time o f  maximum c u r r e n t .  During th e  EBB measurements, th e  wind 
speed decreased  to  15 kno ts ;  however, i t  a l so  took two and one h a l f  hours 
to  complete th e  measurements. The reason  f o r  th e  ex ce ss iv e  measurement 
p e r iod  was th e  d i f f i c u l t y  in  changing th e  measuring mode f o r  each depth in 
high wind c o n d i t io n s .
For th e se  rea so n s ,  we can only  d isc u ss  th e  general t r e n d s  o f  t h i s  
s e r i e s  and compare them to  th e  EBT and BTF s e r i e s .  The r e s u l t s  o f  t h i s  
s e r i e s  o f  measurements a re  summarized in  Tables 5, 6 , 8  and 10.
F i r s t  o f  a l l ,  th e  genera l t ren d s  o f  th e  mean q u a n t i t i e s  show a 
d ecrease  towards th e  bottom. The s p e c t r a  (F igures  81 through 134) shows 
th e  same tr e n d s  as in  o th e r  experim en ts .
The main p o in t  of i n t e r e s t  i s  th e  r e l a t i o n s h ip  between the  wind 
and tu r b u le n t  i n t e n s i t i e s  and c u r r e n t  s t r e n g th .  Examining the  tu r b u le n t  
i n t e n s i t y  and mean c u r r e n t  o f  th e  FLD s e r i e s ,  i t  can be seen t h a t  th e  wind 
s t r e s s  in c re a sed  th e  tu r b u l e n t  i n t e n s i t i e s  in  th e  su r fa c e  la y e r  and d id  not 
in c re a s e  th e  mean c u r r e n t  speed . Most o f  the  wind energy a p p a re n t ly  went 
in to  tu rb u le n c e  p roduc tion  a t  th e  su r fa c e  la y e r .  However, the  EBB s e r i e s ,  
which was taken  approx im ate ly  s ix  hours a f t e r  the  FLD and w ith  a decreased  
wind speed , show th e  wind e f f e c t s  down to  m id-depth . This can be e a s i l y  
seen by comparing the  r a t i o  of the  tu rb u le n t  i n t e n s i t i e s  o f  each depth in 
Tables 5 and 6 .
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CHAPTER 6  
CONCLUSIONS
1. The measured va lues  o f  th e  drag c o e f f i c i e n t  agree  com paratively  well 
w ith  those  o f  o th e r  workers ob ta ined  by using th e  Von Karman-Prandtl 
loga ri thm  v e lo c i ty  p r o f i l e  law. The measured va lues  o f  the  drag 
c o e f f i c i e n t  a re :
C1 Q 0  = 2 .2 /1 0 -3 —  6 .7 9 x l0 “ 3
2. The roughness len g th  sc a le  measurements gave
z Q = 0 . 7 8 ^ 0 . 0 1 9  cm.
3. The tu r b u le n t  d i s s ip a t io n  r a t e  in c re a s e s  towards th e  boundary, and 
th e  tu r b u le n t  v i s c o s i t y  dec rease s  towards the  boundary. The tu rb u le n t  
energy f i r s t  in c re a s e s  and then d ecreases  towards th e  boundary. These 
t re n d s  agree  w ith  la b o ra to ry  measurements o f  tu rb u le n t  boundary 
la y e r .  The t u r b u l e n t  s p e c t r a  revea l t h a t  the  maximum tu r b u le n t  energy 
appear a t  z /h  = 0 .067 .
4. The normalized tu r b u le n t  i n t e n s i t i e s  f i r s t  in c re a s e  then decrease
towards th e  boundary and, in  g e n e ra l ,
u ‘ > w1 > v ' .
T h is ,  a g a in ,  i s  in  genera l agreement w ith  the r e s u l t s  o f  la b o ra to ry  
measurements in  tu r b u le n t  boundary la y e r s .
5. The f r i c t i o n  Reynolds number in  t h i s  e s tu a r y ,  R*, i s  about 103  and
th e  r a t i o  u ' /u *  l i e s  in the  range o f  4 .5 -— 5 .0 .  This r a t i o  i s  about
2 .0  fo r  tu r b u l e n t  boundary la y e r s  on a smooth wall a t  R* -  3000.
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6 . Examination o f  the c o r r e l a t i o n  fu n c t io n s  and sp e c tr a  show t h a t  the  
flow i s  c h a ra c te r iz e d  by s h o r t  p e r io d  o s c i l l a t i o n s  superimposed on 
s tead y  mean flow in  th e  streamwise d i r e c t io n .  There a re  a l s o  i n t e r ­
m i t t e n t ,  long p e r io d ,  c ro s s - s t re a m  and v e r t i c a l  r o ta t io n a l  flows 
w ith  s h o r t  p er iod  o s c i l l a t i o n s  superimposed. T here fo re ,  th e  general 
flow p a t te r n  in a p a r t l y  s p i r a l  flow w ith  t r a n s lo c a t io n  in  th e  s tream - 
wise d i r e c t io n  and in t e r m i t t e n t  r o ta t io n  in  the  p lane p e rp en d icu la r
to  th e  stream wise d i r e c t i o n .
7. The eddy s iz e s  a re  in  the  range * 4 0 0  ~  1000 cm in h o r izo n ta l  and 
* ^ 1 0  — 150 cm in  v e r t i c a l .
8 . The tu r b u le n t  flow f i e l d  i s  a n i s o t ro p ic  and the  Reynolds s t r e s s  
components change a t  d i f f e r e n t  r a t e s  w ith  change in  th e  d is ta n c e  from 
th e  boundary.
9. In te rm it te n c y  o f  tu r b u le n t  s t r e s s  was found in  the  in n e r  boundary 
la y e r  . The peak value  o f  uw was found to  be 402 times uw and was 
observed a t  30 cm from the  bottom; the  peak value o f  uw was 270 
tim es uw a t  45 cm, and 174 times uw a t  213 cm from the  bottom.
10. The d i s t r i b u t i o n  o f  uw i s  ex trem ely  non-normal. The observed number 
o f  occurrences o f  uw tak in g  on va lues  beyond + 3 s tandard  d e v ia t io n s  
from the  mean i s  about 1 0  tim es th a t  expected from a normal d i s t r i b u -  
t i  on .
11. The d im ension less  period  o f  occurrence o f  peaks i s  s u b s t a n t i a l l y  
l a r g e r  than th e  value ob ta ined  from la b o ra to ry  experim ents .  Peaks 
in  uw occur about 1 % o f  th e  time and l a s t  about 1 second. In any 
e v e n t ,  the  a v a i la b le  da ta  from t h i s  and o th e r  experiments do no t  
a llow  an unequivocal connection  to  be made between b u rs t in g  and the 
observed in te rm i t te n c y .
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12. The wind s t r e s s  in c re a sed  th e  tu r b u le n t  i n t e n s i t i e s  in  th e  s u r face  
la y e r  and d id  no t in c re a s e  th e  mean c u r r e n t  speed. Most o f  the  wind 
energy went in to  tu r b u le n t  p roduction  a t  the  s u r fa c e .
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TABLES












TABLE 1. Data A c q u is i t io n  Log
December 27, 1978
Flood Turbulence Measurements 
(FLD S e r ie s )
Maximum C urren t Time: 16" 1711 Measurement Mode
FLDSFA 15J 07m - 15£ 23m V -  W EBBSFA 2 1 h 42m -FLDSFB 15" 28m - 15" 4 4 m U -  V EBBSFB 2 2 " 0 2 m -
FLDMDA 15" 54m - 16£ 1011 U -  V EBBMDA 2 2 " 25 -FLDMDB i6S 2 0 m - 16£ 36m V -  w EBBMDB 2 2 " 45m -
FLDMDC 16" 54m - 17J 10m U - w EBBMDC 23h24" 07m -FLD45A 17£ 50m - 18" 06m U - V EBB45A 0 2 m -FLD45B 17 50m - 18 06 V - w EBB45B 24h 0 2 m -
Ebb Turbulence Measurements 
(EBB S e r ie s )
Maximum C urren t Time: 22" 24m
21 !* 58m 
22h 18m
22" 41m
 23" 01m 
23" 23m 
2 4 " 58m
 24" 18m
Measurement mode
V -  W 
U -  V 
U -  V
V -  W 
U -  W 
U -  V
V -  W
December 28, 1978
Flood Bottom Turbulence 
(BTF S e r ie s )
Ebb Bottom Turbulence 
(EBT S e r ie s )
Maximum C urren t Time: 17" 10m Measurement mode Maximum C u rren t  Time: l l "  09m Measurement mode
BTFINT 16 05m -  16h 13m
BTF45A 16" 16m -  16" 32^
BTF45B 16" 36m -  16" 52m
BTF30A 16" 54m -  17" 10m
BTF30B 17P 16m -  17" 32m
BTF15A 17" 40m -  17" 56m
BTF15B 17h 59m -  18h 15m
V -  W
V -  W 
U -  V 
U -  V
V -  W
V -  W 








10" 10m -  
10" 21m -  
10" 43m -
l l "  06 
l l "  28m 
l l "  50m
12" 10"1
1 0 " 18m 
10" 37m 
10" 59m




1 2 5  06"™ 
1 2  26
V -  W
V -  W 
U -  V 
U -  V
V -  W
V -  W 















Number o f  
Data p o in ts  
N




R eso lu tio n
f(H z)




P = 0 .8
A ll ex cep t INT 7606 800 0.005 19 1 .43  & 0.61
I NT 3766 400 0 . 0 1 0 19 1.43 & 0.61
4=»
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f cm2  . 
's e c 3'
VT
(— ) 's e c ' 1 / 2  q 2  (cm /sec ) 2 q2/u  I
EBT45B 45 0 . 1 0 0 1.787 57.24 260.5 51.33
EBT30A 30 0.067 2.680 38.16 281.4 55.45
EBT15B 15 0.033 5.360 19.08
BTF45B 45 0 . 1 0 0 0.438 35.82 130.1 65.51
BTF30A 30 0.067 0.657 23.88 206.0 103.73
BTF15B 15 0.033 1.313 11.94 152.4 76.74
EBBSFB 427 0.930 0.125
EBBMDA 244 0.530 0.219
EBB45A 45 0 . 1 0 0 1.190 49.99
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TABLE 9
Name z(cm) z/h ii7 U (z ) v '/U (z ) w 7 ll(z ) u*/u* v '/u * w '/u *
EBTINT 213 0.466
EBT45A 45 0 . 1 0 0 0.411 0.428
EBT45B 45 0 . 1 0 0 0.464 0.321 4.761 3.296
EBT30A 30 0.067 0.500 0.399 4.187 3.340
EBT30B 30 0.067 0.617 5.169
EBT15A 15 0.033
EBT15B 15 0.033 0.431 0.343 3.459 2.746
BTFINT 213 0.466
BTF45A 45 0 . 1 0 0 0.247 4.686
BTF45B 45 0 . 1 0 0 0.252 0.234 4.827 4.491
BTF30A 30 0.067 0.364 0.329 6.819 6.157
BTF30B 30 0.067 0.236 4.396
BTF15A 15 0.033 0.355 5.906
BTF15B 15 0.033 0.285 0.265 4.732 4.405
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Name zCcm) z /h
Eddy s iz e s  (cm) 
u v w
EBTINT 213 0.466 128
EBT45A 45 0 . 1 0 0 1 0
EBT45B 45 0 . 1 0 0 915 915
EBT30A 30 0.067 747
EBT30B 30 0.067 13
EBT15A 15 0.033
EBT15B 15 0.033 574 204
BFTINT 213 0.466 41
BFT45A 45 0 . 1 0 0 105
BFT45B 45 0 . 1 0 0 1049 1049
BFT30A 30 0.067 1027 1027
BFT30B 30 0.067 2 1
BFT15A 15 0.033 152
BFT15B 15 0.033 745 745
EBBSFA 427 0.930
EBBSFB 427 0.930 489 489
EBBMDA 244 0.530 843 843
EBBMDB 244 0.530 127
EBBMDC 244 0.530
EBB45A 45 0 . 1 0 0 395 395
EBB45B 45 0 . 1 0 0 35
FLDSFA 427 0.930




FLD45A 45 0 . 1 0 0 812 494
FLD45B 45 0 . 1 0 0











1“  IQ C
Z  4->












<C IQ cLf> 4-3
'd- io -a
I—  •o oCO >










CO 10 cO  4-3
OO IQ T3
t—  -a a>
co >







o +■> 0)•f" O .a■M <D E3 CL 3
JQ X c•r— UJu
4->
VO CO•p— P“ •p
“O CO
> cr— s- 3n3 cu
£ 4-> oS- c
o ►—< C
z ►r-
CO 9^ IX) VO r»  ps r-» 
00 CO LO CO tO CM r -  
S C O r*
r— C T > r^ .C O C O O ' i i—  VOCM 
CO
p - c o i O N ^ o r s ^ i o r s v o c j w i n ^ c o r -  LO CO VO 00 CO CM CM LO CO r—
C O C T > C \ J O O O V O C T > L n < 3 * C O V O V O O V O « 5 r « 3 -  CMr— OC0 LT>CMCT>r^ mC0 CMr-r- CM CM CM r— i— f—
f - ^ O O r - N f - r - l O C O l D O r - C n v O r - < t  
C O O V O r - C O r ^ L O ^ C M C M C M C M r -  CM
l o  cm f—
CO
VOCOCOCOCMCOCOCOVOOCMr—CT>i— CnO't CMr^COVO^CMi— i—r~CMCMr—i—r— CM CO CM r- r-
CO LO r- CO O  CM O  r— CO LT> CO CO O r— CM LO VO *3" CO LO
VO
CO CO VO VO CO CO r— O O O O O O  O O  CM VO CO CO i—VO LO p—LO
p - c o v o o ^ f o ^ N N i o ^ ^ j - L o i n o a i  f '^3-O«3'C0r-<d-C0COCT>VO*tf-CMi— 
L O L O L O ^ r c O C O C M i — f—
C M ^ V O C O O C M ^ V O C O O C M ^ V O C O O  
•  • • • • • • • • • • « • • •
O O O O r —r— r—r— r— CM CM CM CM CM CO
I I I I I I I I I I I I I I I
O  CM VO CO O  CM VO CO O  CM VO CO
•  •  •  •  •  • •  •  •  •  • •  • •  •  \  j
O O O O O r - r — i—  r - r - C M  CM CM CM CM A
CO
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
TABLE 12
Run z/h
uw 2  
(cm /sec) 0 2  (cm /sec) S K
EBTINT 0.466 -  3 .14 58.8 0.18 6 . 6 6
EBT45A 0 . 1 0 0 -12 .75 292.7 - 0 . 8 8 9.43
EBT30B 0.067 36.13 760.1 2.71 40.82
NORMAL
DISTRIBUTION - - - 0 3.00







P robab i1i ty  
o f peak 
occurrence
Mean perio d  
o f peak ^  
o ccu rren ce  (T) 
(mi n )
Mean d u ra tio n  
o f peak 
(sec )
U0 T/h
EBTINT 0.466 8 0.0118 1.3 0 .5 8 .7
EBT45A 0 . 1 0 0 14 0.0165 1 . 1 1 . 1 7 .3
EBT30B 0.067 3 0.0065 5 .0 2 . 0 33.3
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Figure 4 .  Configuration of measuring instrument 
for Flood current measurements.






r -J 4.5 m
I-Beam
B ottom
Figure 5. Configuration of measuring instrument 
for Ebb current measurments.
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Figure 6 . In stru m en t m ounting(I-beam  s l i d e r ) .














Hinge for right angle 
down in case of 
UV Probe position








(A) Instrument Mounting Arm (B) Depth positioning leg
Sliding Hole Through I-Beam
Fioure 7. Schematic* of Instrument Holder.
















































Figure 8. Block diagram of complete system configuration.
The heavy lines  indicate power c ircuits .




( Side View ) I ( Bird Eye View )
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Figure 9. Measurement mode : V and W measurement mode(A)
U and V measurement mode(B)
U and W measurement mode(C)
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FIGURE 136. Comparison o f  EBT(0 ) and BTF(O) d a ta  from t h i s  paper w ith  t h a t  given by Ludwick (1975), 
Cioo v e rsu s  u* f o r  620 measurements in  th e  t i d a l  e n t ra n c e  to  th e  Chesapeake Bay.
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APPENDIX A
OCEANOGRAPHY DAS OPERATION AND INTERPRETATION METHODS
CONVERSION OF THE IMAGE MODE TO ASCII
Conversion o f  th e  Oceanography DAS softw are  package to  ASCII in  
th e  DEC-10 system r e q u i r e s  a PIP (P e r ip h e ra l  In te rchange  Program) o p era ­
t i o n  and sev e ra l  o th e r  sp e c ia l  programs. The PIP o p e ra t io n  can be done 
by an ASR-33 te l e ty p e  paper ta p e  re a d e r  which t r a n s f e r s  th e  image mode 
d a ta  to  a d isk  fo r  f u r t h e r  convers ion  in to  th e  ASCII mode. In th e  ASCII 
convers ion  p ro cess ,  i t  i s  n ecessa ry  to  use sev e ra l  programs to  check th e  
s t a t e  o f  t r a n s f e r a l  to  the  d i s k ,  to  check the  c o r r e c tn e s s  o f  t r a n s l a t i o n  
in t o  ASCII, and to  check th e  p roper  fu n c t io n in g  o f  the  programs.
OCEANOGRAPHY DAS SOFTWARE PACKAGE
The Oceanographic DAS Data A c q u is i t io n  so f tw are  package (Ludwick 
1977) i s  designed to  c o n tro l  th e  p o s i t io n in g  and s to r in g  o f  analog da ta  
w ith  r e s p e c t  to  tim e. The p rocess  o f  sampling i s  performed in  sample 
s e t s .  A sample s e t  i s  d e f in ed  as having a s p e c i f i c  d u ra t io n .  The p e r io d  
( i . e . ,  th e  time between th e  beginning o f  one sample s e t  and the  beginning  
o f  th e  nex t)  can be determ ined by th e  u se r .  The sampling r a t e  i s  f ix e d  
a t  0.125 sec fo r  a sample s e t .  When t h i s  program i s  i n i t i a l i z e d  by a 
u s e r ,  th e  PDP-8 / E  sy s tem 's  so f tw are  c lo ck  keeps time and d a te  to  an 
accuracy  o f  1 / 8  sec .
The format o f  the  in fo rm ation  on paper tape  i s  o f  two ty p e s .  The 
f i r s t  form at i s  in  b in a ry  code and i s  subm itted  to  o th e r  systems fo r
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a n a ly s i s .  The second type o f  form at i s  comprised o f  readab le  c h a ra c te r s  
punched d i r e c t l y  in to  th e  paper tape  fo r  v isu a l  i d e n t i f i c a t i o n  o f  tape  
number, sample s e t  number, and th e  time o f  g e n e ra t io n .  The paper tape  
s to r e s  b ina ry  da ta  as a seq u e n t ia l  l i s t  o f  e i g h t - b i t  words o r  b y te s .  A 
b i t  i s  " t ru e "  i f  a ho le  i s  p re s e n t  and " f a l s e "  i f  i t  i s  ab se n t .  There 
i s  a n in th  column o f  ho les  s i t u a t e d  between the  t h i r d  and fo u r th  b i t s .
This n in th  b i t  i s  a sp ro ck e t  ho le  used to  feed the  paper tape  through 
th e  p e r ip h e ra l  re a d e r  and punches. The f i r s t  byte  o f  each reco rd  i s  the  
reco rd  la b e l  and s i g n i f i e s  th e  i d e n t i t i e s  of the  fo llow ing  th r e e  by tes .
The f i r s t  t h r e e  b i t s  o f  the  reco rd  labe l i d e n t i f y  which o f  e ig h t  types 
o f  p o s s ib le  reco rds  a re  p re s e n t  (see  Table A1 )• B i t  e ig h t  of th e  record  
labe l i s  always punched. A reco rd  label o f  th e  type 0g in d i c a te s  t h a t  
every th ing  fo llow ing  i t  should be ignored by the  paper tape  in p u t  prog­
ram u n t i l  a sequence o f  fo u r  o r  more sy nch ron iza tion  bytes i s  read . 
T h e re a f te r ,  th e  f i r s t  q u a l i f i e d  byte  ( b i t  8  i s  punched) i s  th e  record  
labe l o f  the  f i r s t  r e c o rd .  In each record  lab e l  (except labe l  7g), b i t s  
fo u r ,  f i v e ,  and s ix  g ive  the  f r a c t i o n  o f  a second in  d iv i s io n s  o f  
e ig h th s  o f  seconds t h a t  the  reco rd  occurs .  Visual la b e ls  a re  used to  
i d e n t i f y  s e c t io n s  o f  th e  ta p e .  Visual la b e l s  cannot be read  by the  com­
p u te r ,  so th e r e  i s  a need to  sk ip  th e se .  Blanks a re  used to  s e p a ra te  
reco rds  f o r  easy  v isu a l  a n a ly s i s .
At th e  beginning of each sample s e t ,  a v isua l labe l i s  produced 
id e n t i fy in g  th e  type o f  d a ta ,  th e  sample s e t  number, day, hour, minute of 
the  beginning o f  the  s e t .  This i s  followed by fou r  synch l a b e l s ,  a da ta  
record  sp e c ify in g  th e  type o f  sample, a da ta  record  sp ec ify in g  tim e, and 
f i n a l l y  the  sample da ta  record  i t s e l f .  The Table A2 l i s t s  each of 
e ig h t  reco rd  types and d esc r ib e s  each o f  th r e e  da ta  words con ta ined  th e re in .
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0 lOxxx-OOO Skip N/A N/A N/A
1 lOxxx'OOl Time Day Hour Mi nu tes
2 IOxxx'OIO Current/wave X c u r r e n t Y c u r r e n t Wave
3 lOxxx'Oll Tape header Volume no. Tape no. Time s ta n d a rd
4 lOxxx'lOO Not used Not used Not used Not used
5 1 0 xxx ‘ 1 0 1 Date Day Month Year
6 lOxxx ' 1 1 0 Sample s e t  header S e t  No. ( + / - ) M in /se t S e t  p e r io d




INITIALIZATION AND OPERATION OF DAS
F i r s t ,  load th e  Oceanography DAS so ftw are  package in t o  th e  PDP-8 / e  
computer w ith  th e  B inary  Loader ( r e f e r  to  DEC-8 I-RZPA-D program l i b r a r y ) .  
A f te r  load ing  th e  DAS, th e  fo llow ing  s te p s  w i l l  be h e lp fu l  in  checking 
th e  system:
1. I n s e r t  th e  PDP-8 /E  s e c u r i t y  key and r o t a t e  i t  90 degrees  
c lockw ise  to  f i r s t  c l i c k  s to p .
2. Allow 30 seconds to  g e t  s t a b i l i z a t i o n .
3. S e t  th e  sw itch  r e g i s t e r  to  7756. (Be s u re  to  e n t e r  t h i s  in
th e  o c ta l  number sy s tem .)
4. Depress th e  add ress  load ing  sw itch .
5. S e t  th e  sw itch  r e g i s t e r  to  MD p o s i t io n .
6 . Depress th e  EXAM sw itch  and check the  number w ith  th e  Binary 
Loader program in  DEC-8 I-RZPA-D l i b r a r y .
7. Return th e  sw itch  to  th e  AC p o s i t i o n .
8 . I f  "No l i g h t  on th e  low column o f  the  memory ad d re ss"  i t
means SAFE.
9. I f  th e  memory add ress  shows a FALSE, r e lo a d  th e  DAS w ith th e  
Binary Loader.
OPERATION STEPS FOR SAMPLING THE DATA
1. I n s e r t  th e  PDP-8 /E s e c u r i t y  key and r o t a t e  i t  90 degrees 
c lockw ise  to  f i r s t  c l i c k  s to p .
2. Allow 30 seconds to  g e t  s t a b i l i z a t i o n .
3. S e t  the  sw itch  r e g i s t e r  as 0200 ( in  o c t a l ) .
4. Depress th e  LOAD ADDRESS key.
5. Depress th e  START key.
6 . Depress th e  CLEAR key.
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7. Depress the  CONTINUE key.
8 . Check th e  BRK l i g h t .  ( I f  l i g h t  on BRK, i t  i s  s a f e . )
9. Be su re  th e  r e g i s t e r  sw itch  i s  s e t  a t  AC p o s i t io n .
10. Power on th e  FACIT (paper tape  d r i v e r ) .
11. DC on th e  FACIT.
12. Do fo llow ing  i n i t i a l i z a t i o n  p rocedures .  (Be sure  to  use 
o c ta l  system .)
I n i t i a l i z a t i o n  s te p s Exampl e Switch r e g i s t e r
Volume number 1 1
Tape number 2 2
Year ( l a s t  two d i g i t ) 78 116
Month 1 2 14
Day 27 33
Hour ( s t a r t  time) 2 1  h 25
Minute ( s t a r t  tim e) 59m 73
D uration 16m 2 0
Period 17 2 1
Depress th e  CONTINUE key a t th e  s t a r t  time
TRANSFER OF THE IMAGE MODE PAPER TAPE DATA TO DISK
The image mode o f  the Oceanography DAS paper tape  da ta  f i l e  can 
be t r a n s f e r e d  to  th e  u s e r ' s  d isk  by using th e  ASR-33 te l e ty p e  through 
th e  PIP (P e r ip h e ra l  In te rchange  Program) command.
Step 1 . Move th e  ASR-33 te l e ty p e  sw itch  from OFF p o s i t io n  to  
LINE, then log in  as i s  u su a l ly  done on a te rm ina l .
Step 2 . P lace th e  paper tape  on th e  paper tape  reade r  and s e t
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th e  read e r  sw itch  on FREE, then p u ll  the  paper tape  
forward and backward to  check the  f r e e  s l i p  o f  the  tape  
through th e  s p ro ck e t .  A f te r  checking f r e e  s l i p  through 
th e  s p ro c k e t ,  s e t  th e  read e r  sw itch  to  the  STOP p o s i t i o n .
S tep 3 . Call PIP in to  core by typ ing :
.R PIP <cr>
where <cr> means th e  CARRIAGE RETURN. When PIP i s  loaded 
and ready f o r  in p u t ,  th e  t e l e ty p e  w ill  p r i n t  th e  c h a ra c t ­
e r  *. I f  th e  c h a ra c te r  * i s  typed on the  t e l e ty p e ,  i t  
i n d i c a te s  read in es s  to  accep t a command to  perform the  
d e s ire d  o p e ra t io n s .  The command i s  fo llowed by a c a r r ia g e  
r e tu r n ,  <cr>. A f te r  * appears on the  t e l e ty p e ,  type the  
f i l e  name and device name as in  th e  fo llow ing  example: 
*DSK: FLDMDA.DAT = TTY:/I 
where DSK i s  th e  name o f  th e  device  ( i . e . , where DSK means 
' d i s k ' )  onto which th e  s p e c i f ie d  f i l e  to  be w r i t t e n  or 
which i s  to  re c e iv e  th e  t r a n s f e r e d  d a ta .  I f  a user 
w ishes to  use some dev ice  o th e r  than ' d i s k , '  i t  i s  neces­
sa ry  to  type one o f  th e  fo llow ing  device names depending 
on the  u s e r ' s  purpose:
Example: CTY -------- Console TTY
DTX DEC Tape
L P T  Line P r in te r
MTX Magnetic Tape
P T P  Paper Tape Punch
PTR Paper Tape Reader
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P I T  P l o t t e r
TTY Terminal
In th e  above, *DSK:FLDMDA.DAT = TTY:/I, FLDMDA i s  the  
name o f  th e  d a ta  f i l e  to  be ass igned  to  th e  copied f i l e  
( i . e . , th e  name o f  th e  f i l e  which w i l l  be t r a n s f e r e d  to  
the  d isk  by read ing  an Oceanography DAS image mode paper 
tape  through th e  ASR-33 t e l e t y p e ) .  The DAT denotes the  
u s e r - s p e c i f i e d  f i l e  name e x te n s io n .  TTY denotes the  
SOURCE o f  th e  f i l e  ( i . e . , a d e s c r ip t io n  o f  th e  dev ice  
from which th e  t r a n s f e r e d  d a ta  i s  ta k e n ) .  I f  a u se r  w ish­
es to  t r a n s f e r  th e  da ta  from magnetic tape  to  a d i s k ,  he 
must type  MTX in s te a d  o f  TTY. / I  in d i c a te s  th e  d a ta  mode 
in  which th e  f i l e  involved must be t r a n s f e r e d .  In t h i s  
example, / I  causes  th e  i n i t i a l i z a t i o n  of both in p u t  and 
o u tpu t  dev ices  in  th e  IMAGE PROCESSING MODE.
Other examples: /H -------- I n i t i a l i z e s  the  in p u t  and o u tp u t
device  in  IMAGE BINARY MODE 
( 3 6 - b i t  b y te s ) .
/B -------- I n i t i a l i z e s  the  in p u t  and o u tp u t
dev ices  in  BINARY MODE (3 6 -b i t  
b y te s ) .
Step 4 . Depress th e  CARRIAGE RETURN key. Change the  paper ta p e  
read e r  sw itch  from STOP p o s i t io n  to  the  START p o s i t io n .
The ASR-33 t e l e ty p e  w i l l  now send th e  f i l e  to  'd i s k '  
under the  f i l e  name FLDMDA.DAT. A f te r  the  paper tape  i s  
f in i s h e d ,  s e t  th e  paper tape  r e a d e r  switch  to  the  STOP 
p o s i t i o n .  The te l e ty p e  w il l  respond w ith an a s t e r i s k ,
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*. To e x i t  from PIP, execu te  con tro l  <C>(+C), and th e  
t e l e ty p e  w i l l  respond w ith  a p e r io d ,  . .
S tep 5 . To check th e  t r a n s f e r e d  f i l e  which i s  now s to re d  on ' d i s k , '  
type the  fo llow ing  command:
.DIR FLDMDA.DAT <cr>
The te l e ty p e  w il l  respond with 
FLDMDA DAT 3 <057>
I f  i t  i s  now d e s i re d  to  look a t  th e  t r a n s f e r e d  d a ta  f i l e  
i t s e l f ,  type the  fo llow ing :
.TY FLDMDA.DAT <cr>
CAUTIONS ON PIP OPERATION
O peration  o f  PIP r e q u i r e s  a check on the  DEC-10 sy s tem 's  load 
s t a t e .  During our t e s t  run o f  PIP, i t  was found t h a t  th r e e  read in g s  o f  
the  same paper tap e  during th e  day gave th r e e  d i f f e r e n t  v a lu e s .  However, 
a f t e r  m idn igh t,  a l l  th r e e  read in g s  ag reed . T h ere fo re ,  a l l  o f  our da ta  
were t r a n s f e r e d  from paper ta p e  to  d isk  a f t e r  midnight to  avoid p o s s ib le  
e r r o r s  in  t r a n s f e r i n g  th e  d a ta .
Another p o s s ib le  source  o f  e r r o r  i s  a no isy  l i n e  connecting  the  
te rm inal to  the  DEC-10 system. This type  o f  p o s s ib le  e r r o r  source  has 
been d iscu ssed  in  personal communication w ith  Dr. Dunning and i t  was 
checked f o r  s a f e ty .
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COMPUTER PROGRAMS




This appendix co n ta in s  the  computer programs which were used to  
p rocess  the  d a ta .  The programs a re  w r i t t e n  in  F o r tran  IV w ith  c e r t a in  
m o d if ic a t io n s  f o r  F o r tran  10, and were run on th e  DEC-10 system computer 
a t  Old Dominion U n iv e r s i ty ,  N orfo lk ,  V irg in ia ,  23508.
The Cooley-Tukey Spectrum a n a ly s i s  program occupies approxim ate ly  
128 pages o f  core  f o r  approx im ate ly  7800 p a i r s  o f  d a ta  p o in ts  and 800 
la g s .  A c a l c u la t io n  ta k es  approxim ate ly  9 .5  minutes o f  c e n t ra l  p ro ces so r  
tim e.
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C t SEEIT,FORTRAN PROGRAM ]
C THIS PROGRAM WAS CREATED BY DR. LARRY A. DUNNING
C THIS PROGRAM ILLUSTRATES HOW TO READ




C }GIVE IT THE DISK
C |GETTING OUT OF THIS MAY BE
C A PROBLEM
C JTHE BEST SOLUTION IS TO DO NOTHING
C :THE * WILL APPEAR - BE PATIENT
C *C
C THIS PROCEDURE IS DESIGNED FOR A SPECIALLY MODIFIED TTY.
C PLEASE NOTE THAT THE CONTROLLING TERMINAL NEED HOT BE THE
C TTY WITH THE PAPER TAPE READER ATTACHED (ASSIGN AND USE
C TTYNNj).
C THE INTERPRETAION OF THE INTEGERS ARE BASED ON TWOS
C complemnt FORM.
C A VERY SIMPLE PACKING COULD REDUCE THE SIZE OF THESE
C • DATA FILES BY A FACTOR OF 4. A MORE SOpHlSCATED PACKING
C MIGHT ACHIEVE A REDUCTION FACTOR OF AS MUCH AS 1«,
C THIS PROGRAM. OUTPUTS AN ASCII TEXT FILE WHICH GIVES
C THREE INTERPRETATIONS OF THE TAPE. NO INFORMATION IS
C PROVIDED HERE BEYOND NOTING THAT THE OUTPUT FILE IS
C PRINTABLE (OR TYPEAHLE) ,
C The IHFUT file  CONSISTS OF 1 3t> PIT WORT) FOP each b b i t
C ROW ON the paper TAPE, THE 36 BIT WORD CONTAINS THE ROW
C RIGHT JUSTIFIED AND ZERO FILLED WITH 'j 's  CORRESPONDING
C TO HOLES,P
INTEGER B(B)» C (8 ) # E(8 ), ROW
integer blank, one
DATA ONE/MV, BLANK/- -/
WRITE(5»999)
9 9 9  FORMAT(-tfFILE SPECS FOR PAPER TAPE FILE (UNIT 20) EXAMPLE—  
# < FLDMDA,DAT$ >')
OPEN(UNIT=2 0 #ACCESS='SEQIN',MODEs'IMAGE',DIALOG)
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WRITE(5#998)
998 FORMAT(#0 FILE SPECS FOR ASCII INTERPRETATION (UNIT 21)
* EXAMPLE— < FLOMDA.OUTS >')
OPEN(UNITa21,ACCESSs*SEOOUT#,MODEs'ASCIIDIALOG)
E(8 )sl
DO 11 ia7 ,l,- l  
E(I)b2*ECI+1)
1 1  CONTINUE
2d CONTINUE
R£AD(2P,END*30) ROW
DO 22 131,8 
B£I)sO
IF((ROW,AND.E(I)),NE,0 ) B(I)=t 
C(I)sBLANK
IFC(POW,AND,E(J)),NE,0) C(I )sONE 
22 CONTINUE
IF ( (ROW,AND.E£l)).ME,0) ROW=ROW-25b
HRITE(21,888) C, B, ROW 





































t ASCII PROGRAM J
THIS PROGRAM WILL CREATE A READABLE NUMBER OF RAW DATA 
FILE FROM THE IMAGE MODE OF DATA FILE WHICH WAS CREATED 
PIP OPERATION THROUGH 33-ASR TELETYPE
THIS PROGRAM ILLUSTRATES HOW TO READ 




|GIVE IT THE DISK
111 CAUTION 11!
<1>, BEFORE USE THIS PROGRAM,NEED TO CHECK THE STATE OF 
CONVERSION OF THE 8 *BIT BINARY AND WORD WITH ASCII 
MODE BY USING THE SEEIT.FOR PROGRAM 
<2>, THIS PROGRAM WILL CREAT A DATA FILE AS FOLLOWING 







INTEGER B(9), C(S), E(8 ), ROW
INTEGER BLANK, ONE
DATA ONE/*l#/ f BLANK/' V
WRITE(5,999)
FORMATC'0 FILE SPECS FOR PAPER TAPE FILE (UNIT 201 E^XAMPLE 
. . . .<  FLDMDA.DATS >')
OPEN(UNITs2 0 ,ACCESSs'SEQIN',MQOE3 #IMAGE*,DIALOG)
WRITE(5 f 998)
FORMATC'0FILE SPECS FOR ASCII INTERPRETATION (UNIT 21) * 
EXAMPLE -<FLDMOA.OUTS>#)
OPEN(UNITa2l,ACCESS='SEQOUT',MOD£='ASCI.I',DIALOG)
£ ( 8 ) = 1




R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
PEAD(20#£ND«30)ROW 
DO 21 1*1# 8 
B ( 1 ) a «
































C LOW PASS FILTER PROGRAM J





DO 1000 IJKLM=1,1 
GO TO I
< LOW PASS FILTER >
MsNlJMRER OF WEIGHTS
FaCUT-OFF FREQUENCY*DIGITATION TIME INTERVAL
DTsDIGITATION TIME INTERVAL




W R i f E ( J O U T , 8 8 8 ) F , L
FORMATdHl,-LOW-pASS FILTER - CUT OFF FREQUENCY F*DTs#, 
F5.3, 4X,I4,8H WEIGHTS,///)
U= 6  *2931953*F 
B=0,31830989






A( K) s A ( I )
C(K)sCCI)
CONTINUE
A(M + l) = 2 «0*F 
C(M+1)=A(M+1)
WRITE(JOUT,887)
WRITE(JOUT,8 8 6 ) (A(I),Isl,L)
WRITE(J0UT,885)
WRITE(JOUT,8 8 6 ) fC(I),I=l,L)












1 0 0 0














DO 55 Js2,MP 
Y=C0 S(X*FL0 AT( J-D)
S UMQ= SUMO+2 , 04Q( j ) *^
SUMRs5UMR+2,0*R(J)*T
CONTINUE
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C t REDUCTED DATA FILTERING PROGRAM]
DIMENSION AC75),C(75),Q(75),RC75)»IX(8),IY(«)»FX(7680) 
DIMENSION FY(7580),GX(7680),GY(76H0)
DATA (H)/3 7 /
DATA (F)/0.25/
WRlTECSf444)
444 FoRmAT(1 X,#DID YOU CHECKED THE nUmBER OF WEIGHTS AND FOT?#)
DO 1000 IJKLMslt 1 
GO TO 1
C < LOW PASS FILTER - CALCULATION OF t«E WEIGHTS >
1 L=2*M+1
Ds6.2831*53*F
8 =0 , 3 1 8 3 0 0 8 9









A ( M + l ) = 2 , v)*F 
C ( M+i ) =A( M+l )
C WRITE(5,888) CC(I),I=1 ,L)
8 8 8  FORMAT( 1 « ,4E15,6)
c < test the filtf_r by calculating the h(wj from the weights >




















< FILTERING the data using the smoothed weights >
WRITE(5,443)
FORMAT('0 FILE SPECS FOR FDT data for FILTERING(UNIT=20), 
example —  < fldmda,rdt$ >*)
OPEN(UNIT320,ACCESSs'SEGIN',MODE='ASCII* ,DIALOG) 
WRITE(5,442)
FORMATC*0FILE SPECS FOP FILTERED NEW DATA FILE(UNIT=21), 
EXMAPLE —  < FLOMOA.FLTS >#)
OPEN(UNIT=21 ,ACCE3S='SEQ0UT*,MODEs'ASCII #,DIALOG) 
WRITEC5.441)
FORMAT(IX#'TYPE IN NDATA(NUMBER OF DATA)')
ACCEPT*,NDATA
ND=UDATA+7)/8,
DO 8 Js . l , ND
PEAOC20,777) ( ( IX ( I ) , I I ( I ) ) ,  1=1,8)
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C t AXIS ROTATION PROGRAM ]
C THIS PROGRAM IS TO FIND OUT THE ANGLE BETWEEN THE PROBE
C DIRECTION AND REAL FLOW DIRECTION
C < CAUTION >
C I a ALPHA a ANGLE BETWEEN THE PROBE AND REAL FLOW DIRECTION
C 2. UBAP s MEAN FLOW OF NEW COORDINATE IN X-DIP.ECT10N
C 3. VBAH a MEAN FLOW OF NEW COORDINATE IN Y-DIRECTION
C 4. NEW DATA FILE <ROT> MEAN’S THE CORRECTED COORDINATE FILE
C TO THE NEW COORDINATE SYSTEMfREAL FLOW COORDINATE)
C 5, UCAP a NEW COORDINATE U-VELOCITY
C 6 , VCAP s NEW COORDINATE V-VELOCITY
DIMENSION XXC768*),YY(7680),VCAP(7680),UCAP(768tf)
WRITEC 5,999)
999 FORMATC' F^ILE SPECS FOR RDT FILTERED FILE(UNIT=20) t
# EXAMPLE - <*FLDMDA.FLT*>*)
OPEN (UNIT3 2 ii,ACCESSa*SEQIN'r MODEs'ASCII*, DIALOG)
WRITEC5,998)
998 FORMAT(*0FILE SPECS FOR AXIS ROTATED FILE £UNITs21),
* EXAMPLE - <*FLDMOA,ROT*>#)
OPENfUNITs21,ACCE5Ss*SE00UT*,MOOEs'ASCII*,DIALOG)
WRITEC5,997)
997 FORMATflX,'TYPE ID NDATA*)
ACCEPT*,NDATA
NDs ( N D A T A + 3 ) / 4 ,
Ilsd
JJ=1
DO 15 Msl,ND 
IIsII+4
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444 FORMAT(//////,50X,'[ FILTERED DATA ] ' )
wRITE(2l# 443 ) XMEAN,YMEAN 
443 FORMAT(//,32Xf #XMEANa%El6.8,5X, #YMEAN=*,E16.8/1H )
WRITEC21»442)
442 FORMAT(/////,50X,#t REDUCTED DATA ]')
WRITEC21# 44)) ALPHA 
441 FORMAT(//,48X,#ALPHAa',El6.8/lH )
WRITE(21t 440) VBAR,UBAR 
440 FORMATC/,32X,'VBAR =*,E16.8,5X,'URAR s',Et6 , 8 /lH )
WRITE(21#404)
404 FORMAT(/////,40X,#C REDUCTED DATA : AXIS ROTATED DATA J '
* # / / / )
DO 55 NslfNP 
USa4*(N-l)+l . 
vJENUajS + 3



















[HORIZONTAL MEASUREMENTS CASE ZERO SET AMD REDACTION PROGRAM] 
DIMENSION KXX(7fc8>3)fKYY(768tf)
< CAUTION > ! NO NEED TO CONVERT THE X,Y CHANNEL
WfiITE(5,999)
FOHMAT('0FIlE SPECS For X-Y REDUCTION FILE(UnIT=21),
* EXAMPLE - < FLDMQB.FDTS >')
QPEN(UNIT=21,ACCE5S=#SEQIN*,MODE=#ASCII',DIALOG)
»RITE(5»998)
FORMAT( #nFILE SPECS FOR REDUCTED FINAL DATA(UNIT=22) ,
* EXAMPLE - < FLDMDO.RDTS >#)
OPEN (UN ITs2 2 f ACC£SS3 #SEClQnT', MODE* 'ASCII', DIALOG)
WRITE(5»997)
FORMATflX#'TYPE IN NDATA ( TOTAL NUMBER OF DATA ) #) 
ACCEPT*,NOATA
N0s(NDATA+7)/8.
1 1 = 0
JJal
DO 15 Msti NO 









00 25 N=1,HD 
J  S= 8  * C N - 1 ) + 1 
iIEND=JS+7



















IVEFTICAL MEASUREMENTS CASE ZERO set AND REDUCTION PROGRAM] 
DIMENSION KXX(7680)#KYYC7680)
< CAUTION > • HAVE TO CHANGE THE X,Y CHANNEL BY XYCVPT.FOR
WRITE(5, 999)
FQPMAT('0FILE SPECS FOP X-Y REDUCTION FILE(lthiJT=21),
* EXAMPLE - < FLDMDA,CVT$ >')
OPEN(UNIT=21,ACCESSs'SEQIN*,MODES'ASCII#fDIALOG)
WRITEC5,998)
FOpMAT( ' 0 FILE SPECS FOp REOIJCTED FINAL D ATA ( UN ITs22 ) ,
* EXAMPLE - < FLDMDA.FDTS >')
OPEN f UN ITs22,ACCESSs'SEOOtJT', MOOEs'ASCII', DIALOG)
WRITE(5,997)





DO 15 Msl/ND 
IIslI+8
READC21,777) C(KXX(I) , KYY(I) ) , IsJJ,II)
JJsJJ+ 8  
FOHMAT(1614)
CONTINUE




DO 25 Nsl/ND 
jSs8 *(s»i)+t 
JENDsJS+7
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CCCC t  C O E F F I C I E N T S  PROGRAM J
DIMENSION X £ 7680),Y(7680) #XX(7680) ,YY(768D) #UV(7680),
* 0(7680)#UPSQH(7680),VPSQH(7680)
WRITE(5 #999)
999 FORHATC*«F1LE SPECS TO OPEN FOR REYNOLDS STRESS(11NIT=21) 
. *  FXAMPLE —<FLOMDC,V£LS>')
OPEN(UNITsJl,ACCESS='SE0IN',H0DE=#ASCII',DIALOG)
‘■•RITECSf 998)
998 FOMAT('0FILE SPECS FOR COEFFICIENTS DATA(UNITs22)
* EXAMPLE—< FLOMDC.COES > ' )
OPfin(UNITS2 2 #ACCESS*'SEOOUT*,MODEs'ASCII*,DIALOG)
wklTECS,997)




777 F0RMAT(/////'#50X#17Ht FILTERED DATA ])
READ(21*776) XMEAN # YMEAN 
776 FOK4ATC//#32X#bHXhEANa,»?16,B,5X#6HYMEANs,Elb.3/lH )
PEAOC21#775)
775 F0 RMAT(/ / / / / # 50X,17H( RELUCTED DATA J)
READ(21#774) ALPHA 
774 F0PMAT(//,48X#6HAIiPHAB#Elb,8/lH )
REAO£2l#773) 08AR # VRAR 
773 FORMAT ( / # 23 X# 6 HliHAR a, Eln . 8 # IX# Hri [CM/J5EC] , 5X # bHVRAP
*  Elb.8#lX#8H(CM/seCJ#/ lH )
READ£21#772)
772 FORMAT( / / / / / , 4 0X#37H[ PEDUCTED DATA : AXIS ROTATED DATA )
* # / / / )
Its:*)
JJ= 1





























F 0 RNAT ( / / / / / »4 7 x# '< STRESS COEFFICIENTS > ' )
W«ITE(22 # 555) UMEAN,VMEAN
FORMATC / / / #23X, #UMEANs»#El(>#8,  JX# ' tCM/SECl #,5X, *VMEAMs*, 
El 6 . 8  f l ‘X# ' tCM/SEC J ' )
*KITE(22,388) UVPHAR 
F0RfiATC///#48X, 'UVPHARs', Elb.8 )
DO 44 Ksl,NDATA 
UPSUR(K)=XX(K)**2 






















FORMAT(//,32X, 'MPSGFBs',E16.8,5X, 'VPSQRHs ' , El 6 . 8/ 1« )
WRITE(22»8 87)
F0PMAT(//////,4lX,' C ORIGINAL DATA ; BEFORE ROTATION ] ') 
WRIT£(22»886) XtfEAN,Y«EAN
FORMAT ( / / ,  2 3X, 'XMEANS ' , F. 16 , 8 , 1X, ' (CM/SEC1 ',5X, 'YMEAHs', 
£tb.8 , lX , ' (CM/SECJ ')
wRlTE(22# 885)
FQRMAT(/////,38X,' [ ROTATED DATA ? AFTER FOTATE THE AXIS ] ')  
WRITE(22/884) ALPHA 
FORMAT(//,48X,'ALPHAS',Elb,R/lH )
 ^RIT E(2 2 ,8  8 3) HJ3AR,V8AR
FORMAT(/,23X, 'tJBAH s' , El 6 . 8 , IX, ' (CM/SEC] ' , 5X, ' VBAR s', 





R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
214
C COVARIANCE, COQUAD, RAW AND SMOOTHED SPECTRA PFOGRAH 1
C < CAUTION >
c t .  to get the autocorelations go to normalization program:
C < EXAMPLE > — NOMARZ.FOR
C < CREATING A ZERO MF.AN FLUCTUATION d a t a >
c < CAUTION >
C 1, ME SURE THE REDUCTION OF THE FDT DATA FILE
C 2, BE SURF. FILTERING THE REDUCTED DATA
C 3. BE SURE THE OPEN FILE SHOULD HE VELOCITY DATA FILE
DIMENSION X(768tf) ,Y (7f>8vl)
WRITE(5,444)
444 FORMAT!'fcFILE SPECS FOR FILTERED DATA FILE(UNITs2P),
* EXAMPLE —  < FLQMDA.VELS > ')
OPEN (UMT=20,ACCES5s'SF.QIN', MOOfcs' ASCII ',DIALOG)
WRITE(5 * 443)
443 FORMAT! 'ktKILE SPECS FOR SPECTRA ANALIZE FILE(UNIT=21)
* EXAMPLE— < FLDMDA.SPCS >')
OPFN (UN I T = 21  ,  ACCES5s*SeoO>IT*  , HODKa 'ASCII', DIALOG)
w RITE(S#442)
442 FORMAT!IX,'TYPE IN NDATA ( TOTAL - WEIGHTS )•)
ACCEPT#,NOATA
»RITE(5,441)
441 FORMAT!IX,'TYPE IN NUMBER OF LAGS')
ACCEPT#,LAGS
R£AU!20,777)
777 FORMAT!/✓////, SDX, I 7Ht FILTERED DATA .1)
h SA0 ! 2(3 f 7 7 b ) XMEA N , YM E A tl 
776 FORMAT!//,32X,6HXMFAN=,El6,H,5X,6HYMEAN=,El 6,8/1H )
READ!20,775)
775 Fq HMAT!/////, 5?!Xf 17H [ REDUCTED DATA 1)
READ( 2 t ? , 774 )  ALPHA 
774 F O R M A T ! / / , 4 8 X , 6 H A L P H A s , E l 6 . 8 / l H  )
READ! 2 0 , 7  73) M8Ac,VHAR 
773 FORMAT!./,23X,bH»JbAP = ,  E 16 , 8 , 1 X , 8 H [CM/SEC ] , 5X» 6H VB AR a ,
« Elo,8,tX,8HCCM/SECJ,/lH )
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KEAU(20,7721
772 F0RMAT(/ / / / / , 43X,37H[  RFDUCTED DATA : AXIS ROTATED DATA 1
* , / / / )
I i s a
■j j = i
/'iOs(NDATA + 3 ) / 4 .
DO S Jsl,NQ 
11=11+4
R£AD(2*!,707) ( C X ( I ) , Y ( I ) ) , I a J J f I I )
JJsJd+4 
7 £> 7 FORMAT («£ 16.  8)
5 CONTINUE
CCC < FOLLOWING WRITECSflfll) XS FOR CHECKING THIS PROGRAM >
C WRITE(5, l»t)  ( (X(M)rY(M)Jf
Cl01 FORMAT(8E16 .  8)
XTOTsO,
YTOTsfrf,






00 7 I=1,NDATA 
X( I)sX CI) -UCAPMN 
XCI)=Y(I)-VCAPHN
7 CONTINUE
NR ITE( 21» 806)
806 FORMATC/ / / / / , 50X#* t REDUCTED DATA 1*)
» Rl T e( 2 t , 8 05 )  ALPHA 
80S F0RMAT(// ,48X,'ALPHAS*,Et6,8/JH )
WRITE( 21 , 8W4)  URAR,VBAR 
804 FORMAT( / #2 3 X , ' U R AP  = ' , E t o . 8 , I X , * tCM/SEC] '  , 5 X , * VBAR s ' ,
* E l 6 . 8 , l X , ' [CM/SECJ' , /1H )
A R11£ ( 2 1, 8a 3 ) n c  ARM0 # VC A Pm H 
803 FOR MAT( / , 7 2X, ' WC APMNs' , El 6 . 8 , 1 X, ' CCM/SKCl' , SX, ' VCAPMNs' ,
+ E 1 6 . 8 , I X , * [ C M / S E C ) ' , / \H )






A R lT E C 2 t ,8 0 k n
FORMAT( / / / / / / * * <  TURBULENCE SPECTRUM ANALYSIS > ',> // / )
< COVaFUAMCE# COGUAO# RArt AND SMOOTHED SPECTRA ESTIMATES >
< COMPLEX COHERENCE COORDINATES fc COEFFICIENTS >
LGtsLAGS+1
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CCC [FORTRAN II  SUBROUTINE FOR CALCULATING CO AND QUAD SPECTRA 1
SUBROUTINE COQUAD CNDATA,lAGS,X,Y,XNAf’E, YNAmE)
DIMENSION X(NDATA), YCNDATA)#TERM1(851),TERM2(851) ,
* 0X(851)fOY(SSt)#SUMXL(85l),SU»XUCHSl),SUMYLf851)»
* SUMYU(851)«PRODXXC851)»PRODYY(8Sl)fPRQOXY(851)*
* PH0UYXC851 )»OC(851)#OQC851)f UX(«51).IJYCB51)#«C(851) #
* liQC 851)»WX (851) # W Y ( 851) # WC C 851 ) # WQC 851) *CS (17»2)»SN (1 7B2) r
* PUM (851 ) , DEN (851), AB(851) # MFH ( 851) #F.X(851) #RY (851) #
* FC(B5l),BQ(«5t),THETAC851) ,CX(85l)rCY(851)
EQUIVALENCE (T£PM1# BUM) , (TERM7 , DKN),
* (OX* WX) f (QYf WY) , (CS,PROOXX) , CSW,PRODXY) , (QC, toC) , (QQ,v»Q) ,
* (SUJ*Xl4,UX* A«) , (SUMXn.UY), (SUNYL,IJC) , CSUMY1I,U0)
*RIT5(21»999)  XNAFE 
999 FOHMATC48X, #Xa%AS/lH )
WRITE(21#998)  i NAME 
998 F0B.MATC48X# *Ya',A6 /lH )
WRITEC21#997) NDATA 
997 FORMAT!48X#'NO, OF DATA = # I5/1H )
WRITE(21# 996) LAGS 
996 FORMAT(48 X* 0 NO, OF LAGS ='  1 3 , / / / / / )
CC t CALCULATION OF THE COVARIANCE FUNCTIONS J
FLAGSs LAGS
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DO 13 J= 1,1* AGS
si ; m x l ( n p ) = s d m x l ( n p ) + x c j 3
5UM¥L( f tP)sSUMXL( i ' »P)  + Y ( J )
JdsNPONE-J
SUMX U( N P) s3U MX U( NP ) + X ( J J )
SUMYU(NP)aSUPYH(Np)+Y(JJ)
13 CONTINUE
DO 14 Js1, LAGS
J J = N P - J
J J ij b N P 0 N E • 0 lT
SUMXL(JJ)bSUMXL(JJ+1 )+X(0.\T)
S U M Y L ( J J ) s S U M Y L ( J J + 1 ) + Y C J J J )
SOMXUCJi I laSDMXU( J J  + l  ) +X( . TJ )
5UNy i J ( , JJ ) BSUMYU(JJ+ l  ) + Y ( 0 J )
14 CONTINUE
DO 15 0 = 1 , HP 
PKoOXXUlstf , e
PROOYY(O)sfe. 0  ,
PPOOXY( J )a« , f »
FROOYX( J)s(5 9 0  
MNbNPCNF>J 
j M r  J
DO 1.5 1 =1 ,  MW
PR0OXX(17 ) s P N 0 D X X ( J ) + X ( I ) * < C J M )
P R O 0 Y Y M ) = P P O I > m  J ) + Y (  I ) * Y (  JM)
PRUUXY(0)=PRODXYtJ ) + X ( I )#Y(JM)
PRODYX ( J ) = PRQD YX ( J ) + Y ( I ) * X (  J M  
J.MsJM + t
15 CONTINUE
DO 18 1=1,NP 
OENOMbnPOUE-I 
FOENsJ. /DENOM
TERM ( Ds PHODXY (I)*FOEN*SUMYlltI)*SUf1XL(I)
TEKM2 CI) = Pf»OOYX(I )-FOEN*SU«XU( I)*SUVYL( I )
« X ( . I ) aF l > £ M* f  pROr;XX(I)»FDEN*SUrtX»K I)*S"MXLf T) )
CJ Y ( I ) sF'DEN* ( PPOOYY ( I  } “ FDEM*3UM YD C11 + 5' IM*/L ( I  D )
18 CONTINUE
wT<ITE (21 ,  995 )
995 FOR*AT(/////,12X,*[ THE COVARIANCE FUNCTIONS ] ' / 1H )
*RITE(2l#994)
994 FOHf1ATC//,F>X, #T£F<M 1 * , 1 v  X , 'TER'-' 2 #, 1D X, * H ’ • P  # , 1 X, * ((<■ X ) P * ,
*  1 4 X . * ( U Y ) P * , 1 5 A , * 1 ' j C ) o * , 1 5 X , # CQu ) P ' / 1 h )











DO 17 1 = 1 , NP 
Ti)Efi = 2*(HPONE-I)
F T D E Ns l . / T D E N
QC(I)=FTl)E«*(TERMi (I)+7ERM2(I) ) 
(3<J(I)=FTDfcN#(TERMl(I)-TERM2 ( I )  )
MMPaI-1
WRITE C21 # 9931 TFRMi < I ) , TEFM2 ( I ) , MMp, QX ( .1) , QY ( 1 ) , QC ( I ) , QG ( I )
FORMAT(El 5 . 7 , El 7 . 7 , 1 8 , 4 5 2 0 . 7 )
c o n t i n u e
( SPECTRAL ESTIMATES PROGRAM ]
< CALCULATION OF the raw spectral estimates  > 
wRITE(2l ,992)
F 0 R * A T ( / / / / / / , 4 1 X , • r THE RAW SPECTRAL ESTIMATES )
WRITE(2l,991)
FORMAT( / , 2 1 X , ' M M H *,7 X, 'LXCH) * , 1 3 X , *LY( H) * , 1 3X, 'LC(H)' ,  
13X,*LQ(«)#, / l r i  )
PI = 3 , 14159265 
m=LAGS
DO 21 J=1, Np 
SUMXsp,0 
SOM 1=0 ,0  
S il.MC = 0 . 0 
SUMOavi , 0  
H=J-1
DO 22 K=2,«
SUM X=SUMX + QX( K) *COS( ( PI*K*H ) /FLOAT ( M.) )
SUM YsSUMY+QY( K) *COS( ( PI*K+H) /FLOAT( M) )
SUMC = SUMC + OC(K)*C0S( (PI*K.*H) /FLOAT(M) )
SUHOsSUMO+QQ( K)*5 IN( ( PI*K*H) /FLOAT( M))
CONTINUE
RX(«J) = ( 0X( l )+2 . 0 -< i SUMX + o X ( r i P ) * C 0 S C P I * H )  ) / F L O & T ( M )  
R t ' ( J ) s ( O I ( l ) + 2 . O * S U M Y  + y Y ( N P ) * C 0 S ( P I * H ) ) / F L 0 A T ( M )
RC( J) = (OC(l )+2.v)*SUMC + QC(!JP)*COS(PI*H) )/FLOAT(M) 
PQ(0)=(O0(1)+2,U*3UMQ+UO(NP)*5lN(PI*H)) /FLOATfM)
NMH=J«l
WRITS ( 7 1, 99U ) *-iMH, PX f J ) ,  PY (0 ) , RC ( J ) , RQ ( J)
FOR MAT(18 X, 1 5 , 4E1 8 . S)
con r i  *■' u e













< CALCULATION OF THE SMOOTHED SPECTRAL ESTIMATES > 
WRIT£(21#909)
FORMATC/////,40X,*[ THE SMOOTHED SPECTRAL ESTIMATES ]# 
WRITE( 2 1 # 90S )




U C ( n s 0 . 5 ^ C P C ( l ) + P C C 2 ) )
U < i ( n = 0 . 5 * H G ( t  ) 
no 25 Ns2,NP-l 
N M1 s N • I 
WP1sN+i
OX C.'ObRx (NMD *0,25+Rx(N)*0.S+HX(NPU *0.25 
UY(N)»PY(NM1 )*0 . 25 + R Y ( H ) #0 ,5+R Y ( NPJ )*D.25 
UC ( N ) = PC f rvM i ) * 0  ,  25 + RC ( N) * 0  . 5+RC ( MP1 ) *0 • 25 
U0( ?0 sP0 ( 1 ) * 0 ,25+PQ ( N ) # 0 , 5 + RO( NPI ) * 0 ,25
CONTINUE
ViX(NP)=0,.5#(RX(NP}+R.X(NP-I ) )
UY(NP)=e.5*(PY(NP)+RyCNP-1 ) ) 
UCC^P)se.5*(RC(NP)+RC(f!P-l))
UU(NP)=PO(NP)*0.5
DO 91 N=J,NP 
M?/,H5N«*1
*h ITE ( 21 » 907 ) rtMH , UX C M ) , U Y ( N ) , UC ( «)»U« ( H )
FORMAT(1RX,I5#4Et3.8)
< CALCULATION OF THE COMPLEX COHEPEMCE COORDINATES > 
* R I T E ( 2 1 # 9 0 6 )
FORMAtC l i t / I f ,  2 2 X # *< THE COMPLEX COHERENCE COORDINATES 
% / l H  )
WRITEC21# 90 5 )
F0 R M A T( ? 1 X# ' M M H ' #8 X # ' C X ( H ) * , 13X,  #C Y ( H ) * ,  / 1H )
DO 11 K a l f N P
CX f K) sUC( K) /SORT(ABS( UX( K)#UY(K) ) )
C i  C K )=UG ( K ) /SORT ( AES ( UX ( K )  *1) Y ( K ) ) )
mmhsk- i
wHI  TEC 2 I # 9 04 )  mmh , C X ( lO # CY( X)











< CALCULATION OF THE COEFFICIENTS OF COHERENCE > 
WRIT&(21,903) 
FORMAT(/////,24X,'< THE COEFFICIENTS OF COHERENCE >
•#/lH )
NHITEC21»902)





Aft(L)«SGRT( (UC(L)**2+t>0(L)**2) VAeS(iJX(L)*ni (L))) 
HMH=L"1






















[ A U T O C Q H E L A TIG fJ  N O R M A L IZ A T IO N  PROGRAM 1
< CAUTION >
; J, OPEN FILE MUST BE AXIS ROTATED (NEW COORDINATE DATA) 
eXAMPLE - (JSE THE SAME DATA FILE AS THE CASE OF 
THE SPECTRAL ANALYSIS PROGRAM
< CREATING A ZERO MEAN DATA FILE TO COMPUTE VARIANCES > 
DIMENSION XC7630),Y(768U)
WRITE(5,999)





FORMAT!iXr'TYPE IN NDATA C TOTAL - WEIGHTS )')
ACCEPT* , NDATA
*RITE(5,997)
FORMAT(IX,'TYPE IN N1JM8EP OF LAGS')
ACCEPT*,LAGS
REAO(20,777)
FORMAT( / / / / / / ,  5'<:5X , 17H( FILTERED DATA ])
READ(20,77b) XMEA H, YM£A N
F 0 R M A T( / / , 32 X , 6 H X <v E A N = , E i 6 . S , 5 X , b H Y M E A N = , F l 6 . 8 / J  H )
R-EAD ( 2 0 , 7 7 5 )
FORMAT(/ / / / / , 50X,17UC REOUCTED DATA J)
READ (20, 77 4) ALPHA
FORMAT(//f 40X,6HALPHA=, El 6,8/1 H )
READ(20,77 3) UBAR,VBAR
FOMAT(/f23X,6MUBAR s , Elb ,8,1X,8H [CM/SEC] , 5X, bHVHAP = , 
eie.8#lX#RHtCM/SECl,/lH )
REA0(20,771)
FORMAT(/ / / / / , 40X,37H C PEDUCTED DATA ; AXIS ROTATED DATA ] 

























<FOLLOWING WRITECSf1«1«102) IS FOR CHECKING THIS PROGPAM> 
W H i r E ( 5 , l ^ l )















f c H I T E  < 2  1 # 8  # 8  )  (  (  X  C I )  ,  Y  (  I M  # 1 =  I t  r i O  A T  A )  
FOR’-IATCRElb . 6 )
CLOSE ( UN JLT320)
CLOSE( UNIT=21)
CALCLMATION OF .X AND V VARIANCE >
OPEN (TINIT=2i , FILE=*VAPI AN , T M P ' )
11=1
JJat»
PO 10 1 s t , NO 
JJ=JJ+4
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CCC <FOLLOWING WRtTE(5,133#104) IS FOR CHECKING THIS PROGRAM
C WRITS(5/103)












C < CALCULATION OF STANDARD DEVIATION >
XSTU=5GPT(XVAPI)
Y STUsSQRT(YV ARI)
C < fiPSCTROM NORMALIZATION >
W RITE(5/895)
995 FORMAT ( 'DFILE SPECS FOR OPE;-! SPECTRA FILE(UNIT=20) /
* EXAMPLE— < FLtJMDA.SPCS >')
OPEN(UNIT=20»ACCESS='5E0IM'fMODE='ASCII',riALOG)
WRITE(5/994)
994 FORMAT('fFILE SPECS FOR FINAL AUTOCOR FILEtUNIT=22)»
* EXAMPLE— < FLdmda.ATOS >')
OPENtUNITs22#ACCESS*#SE«OUT*/KOOEs'ASCII',DIALOG)
BEAD(20/7\5 )
715 F0PMAT(/////#5«X,17Hl REDUCTED DATA 1)
READ{20/714) ALPHA 
714 F0RWAT(//,48X,oHALPHABfEl6,6/lH )
READ(20/713) UBAR/ VBAR 
713 FORMAT( /# 23^  / 6 HUBAR =, E16 . 8 z IX/(jH CCM/SKC] / 5X , 6 HVBAR =/
* F l b , 8 / l X / a H ( C H / S E C ] / / l N  )
READ ( 20 / 71 2 ) UC APf'N , VC A>’MU 
712 FOR 4ATf / ,22X#7HnCAPMNs,ei6,a/1X/PH(CM/5EC1/ 5X/ 7 HVCAPMHs,
*  E16,8,1X/HH(C''/SECJ//1H )
RE A ii(2 0/711)
7H F0hMATCV////// 42X, 32H< TURBULENCE SPECTRUM ANAL/SIS >/ / / / / )

















F0^-;' 'AT (48X,2HX s,A t j / lH  ) 
HEADC2vJ#7i:;3) YNAME 
F0KMAT(48X#2H Ys,A6/1H  )
FEA.O(20/747) NOATA
FOHMAT(48X,1 3HNO, OF PATA s I$/lH )
READ(20# 706) LAGS
FOH*AT(43X,13HNO. OF LAGS s I3 #/ / / / / )
HEAD(20,705)
FOH^AT(/////,42X,28H [ THE COVARIANCE FUNCTIONS J/i« ) 
READ(20#704)









<FOLLOW ING WRITF.(5# 105# 106) 15 FOR CHECKING THIS PROGRAM) 
WP1TEC5,105)












F O F H A T ( / / / / / ,  3 4 X # ' t NORMALIZED A OTOC 0 R K I, A T T 0 N 5 ) ' # / / )






















WRITE( 27 # 806-)■ -.............................-










FORMAT(/,34X,'VARIANCE OF X s '*EJ6.3#//* 34X,
‘VARIANCE OF Y s*,El6tP,
///#29X#*5TANDARO DEVIATION OF X =',El6.8 *//*29X,






FORMAT(42X*‘NO. OF' DATA =' 15/1H )
WRITE(22*8 80) LAOS
FOKMAT(42X, *NO, OF (,A0S =' 13#///)
WRITE(22*878)
FORMAT?///,33X#'( THE AUTOCORELATION FUNCTIONS J '#/) 
WRITE(22*877)
FOF-«AT( / / ,  1SX# • * W , b X ,  'X-AUTCCOPF' * 8 X# * Y-AUTOCORR 9 ,  4X * '  
XY-COCPOSSCOPP'* 4X, *XY-ODCROSSCORP# , / )
WHJTe (22# 876) HHP*Xa HTO# YJ1UTO, XYCOCR*XYQDCP 
FOPHAT(10X#I8#4F18.8)
FGLOWING FORMAT 8«5 GIVES 7-COLUMN OF WHOLE VALUES 
































[ 1 , ’iT E G F A L  T I M E  5 C A L  PROGRAM J
DIMENSION QX(B<31),QY(801),UC(8yi) ,00(801)
WRIT£(5 » 444)




FORMAT('0FILE SPECS FOR INTEGRAL TIME SCALE FILE(UNIT=211, 
EXAMPLE*— «<FLOMOA,TSCS>#)
OPEN (UNlTs? 1, ACCESSs*.SEOCUT*,MODp:s*ASCII®, DIALOG)
WRITE(5,443)
FORMATC1X,'TYPE IN THE LAGS')
ACCEPT*, LAGS
NP=LAGS+1
READING THE AUTOCORELATION FUNCTIONS 
READ(20#777)
FOhMAT(/////,34X,3«?Ht NORMALIZED AUTOCOr ELATIONS ],//)
READ(20,776)




F O R MA T ( / , 1 7 X , 6 H U H A R  s , E 1 6 . 8 , 1 X , R H ( C M / S E C J , 5 X , 6 H V B A R  = , 
E l 6 . 8 , l X , H H [ C M / s E C ] ,/lH )
READ(20,773) UCAPMN,VCAPHN
FOWMAT(/,16X,7HUCAPMNs,Eib,H#lX,8H[CM/SEC 1,5X,7HVCAPMNs,
E i 6 * 8 , l X , 8 H [ C M / S E C J , / l H  )
REAO ( 2 0  ,772 ) XVAFI,YVAPX , XSTl>, YSTD 
FORMAT(/,3 4 X#15HVARIANCE OF X s, E ] 6  « 8 , / / ,  3 4X,
15HVAKIANCE OF Y =,E)b.3,
///,29X,25HSTANDARD DEVIATION OF X = ,£16 ,8,//,29X,
25HSTANDARD DEVIATION OF Y = ,Elb.P,//)
READ(20 » 771) XNAWE 
F0RMAT(///,42X,2HX=,Ab/1H )
R£AL>(20» 770) Y N A M E 
FORMAT(42X,2HYs,A6/lH )
HEA0(2«,707) NDATA
F 0 R w A T ( 4 2 X , t 3 H !< Q , OF DATA = 15/ lH )
READ(20,70b) LAGS
F0PMAT(42X,13HM0, OF LAGS = 13,///)
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R E A ‘- > ( 2 0 » 7 0 5 )
705 F0h MAT(///,33X,32Hr THE AUTOCORELATION FUNCTIONS ],/)
PEAD(20,704)
704 F O R M A T ( / / , 15X , 3HMMP#6 X , 10HX-AUTOCOHR,8X, l f lHY- AUTOCORR, 4X,

















«QSUM = 0»jSHM + (J0 (IK )
22 CONTINUE
C DTb OIGITa ION TIME INTERVAL (=0.125 SECONDS)
DT=0,125
T' J U * 0 T * Q X S U M 




555  FORMAT(///,9X, *T1JU*, 15X, 'TVV*,15 X,'TQC',15X, #,rG0')
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EBT Ebb Bottom Turbulence da ta  s e r i e s  which c o n s i s t e d  of  
measurements a t  45, 30, and 15 cm.from the  bottom
BTF Flood Bottom Turbulence da ta  s e r i e s ,  same as EBT
EBB Ebb Turbulence da ta  s e r i e s ,  which c o n s i s t e d  of  measure­
ments a t  427, 244, and 45 cm from the  bottom
FLD Flood Turbulence da ta  s e r i e s ,  same as EBB measurements
INT In te rm ed ia te  depth ,  213 cm from the  bottom, s l i g h t l y  
below mid-depth
SF Surface ,  427 cm from the bottom
MD 244 cm from the  bottom
45 45 cm depth from the  bottom
30 30 cm depth from the  bottom
15 15 cm depth from the  bottom
A, B, C At the  same depth — the  o rd e r  of  measurement
U, V, W Mean v e l o c i t y  in  streamwise ,  c ro s s - s t r e a m ,  and v e r t i c a l  
d i r e c t i o n s  (cm/sec)
u,  v,  w F lu c tu a t in g  v e l o c i t y  component as f o r  U", V\ W- (cm/sec)
u ‘ , v 1, w' 2 2Turbulent  i n t e n s i t i e s  (cm / s e c  )
u* Shear s t r e s s  v e l o c i t y  ( f r i c t i o n  v e l o c i t y )  (cm/sec)
Uo Veloc i ty  a t  s u r f ace  (cm/sec)
£ Turbulent  energy d i s s i p a t i o n  r a t e  (cm2 / s e c 2 )
X Von Karman co n s ta n t  (d imension!ess)
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Symbol Meaning
z Depth from the  bottom (cm)
h E n t i r e  depth o f  the  water  column (cm)
2" Shear s t r e s s  (dynes/cm2 )
q l / 2 q 2  i s  the  t u r b u l e n t  k i n e t i c  energy (cm/sec2 )
U(z) ,  7 ( z ) ,  W(z) Local mean v e l o c i t i e s  (cm/sec)
C-|qq Drag c o e f f i c i e n t  (d im ensionless)
R
R* F r i c t i o n  Reynolds number = u*h/v (d im ens ion less )
z Roughness l e ng th  s c a l e  (cm)
o
p  Densi ty  (gm/cm )
u2 , 7 2 , T2  Reynolds s t r e s s  components
u7,  uw, 7 7  Reynolds s t r e s s  components
f N Nyquist frequency (Hz)
f w Spec t ra l  window of  guage (hz)
U, V, W Mean ou tpu t  from the  channel (cm/sec)
-ft Wave number
0 ( f )  Energy s p e c t r a l  den s i t y ( (c m /s e c )  /Hz))
Vj  Turbu len t  v i s c o s i t y  (cm2 / s e c )
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